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During the summer of 1936, unsuccessful attempts were made by 
J. K. W. F. and J. R. P. to measure (using the chemical method of 
Ferguson and Roughton, 1934) the carbamino compounds of CO, with 
hemoglobin of mackerel blood and dogfish blood. The difficulty of 
preparing stable solutions of hemoglobin from these bloods proved to be 
the most serious obstacle. An attempt was then made to apply the 
kinetic method of Meldrum and Roughton (1933) to dogfish blood. 
This too was unsuccessful because carbonic anhydrase could not be 
completely inactivated by cyanide as required in this method. 

Some evidence as to the state of CO, in dogfish blood was then 
sought by determining the distribution of CO, between the erythrocytes 
and plasma. A few preliminary experiments revealed, unexpectedly, 
that the erythrocytes seemed often to contain more CO, than the plasma, 
a relationship which is the opposite to that found in mammalian blood. 
A continuation of these experiments, during the summer of 1937, has 
established the fact that there are peculiarities in the transport of CO, 
in dogfish blood, which may be of general significance. 


METHODS 


Dogfish were used exclusively in this study as they were about the 
only available source of sufficient amounts of blood. Thirty of the 
thirty-two fish used were of the smooth variety (Mustelus canis). The 
other two were spiny dogfish (Squalus acanthias). Usually the blood 
was drawn by paracentesis of the dorsal blood vessels through the 
ventral body wall behind the cloaca. Aeration of the gills could be main- 
tained throughout this procedure while the fish was held almost motion- 
less. Heparin (15 units per cc. of blood) proved to be a satisfactory 
anticoagulant, but defibrination was just as satisfactory for most pur- 
poses. At first, attempts were made to use fluoride and oxalate (the 
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fluoride to check glycolysis). It soon appeared that both fluoride and 
oxalate caused progressive swelling and eventual hemolysis of the 
erythrocytes. This phenomena is being investigated further. For- 
tunately the use of fluoride proved unnecessary. When the blood was 
kept at 10° C., the loss in CO, capacity at a CO, pressure of about 
20 mm. Hg was less than 1 vol. per cent after eight hours. Each dis- 
sociation curve was completed in less time than that. 

Equilibration of the blood with gas mixtures was done by the first 
method of Austin et al (1922) in a water bath at a temperature of 
22° C., or sometimes of 23° C. The equilibrated blood was segregated 
in a centrifuge tube joined to the tonometer by wide rubber tubing. 
The gas phase was analyzed in either a Van Slyke or a Haldane appa- 
ratus. After samples of whole blood had been removed for the various 
analyses (O,, CO,, H,O and Cl) and the determination of cell volume, 
the remainder was centrifuged under oil at about 2800 r.p.m. for 30 
minutes. Analyses were then made on the plasma. When the volume 
of packed cells was sufficient, analyses were made on them, frequently 
for chloride and H,O, but only on one occasion for CO,. 


CALCULATIONS 


The concentration of CO, in the erythrocytes was calculated by the 
formula 


Came 
v 


where C =CO, in erythrocytes (v.p.c.), B==CO, in whole blood 
(v.p.c.), P==CO, in plasma (v.p.c.), V = volume of plasma per cc. 
whole blood, v== volume of erythrocytes per cc. whole blood. In all 
cases in this paper CO, means total CO,. 
The distribution ratio of CO, between cells and plasma was calcu- 
lated by the formula: 
C. Wp 
rco, t= Pp xX We’ 
where Wp = gH,O/100 cc. plasma, We = gH,O/100 cc. cells. 
The distribution ratio of chloride (rCl) was calculated in a similar 
manner. 


Sources OF Error 


An analytical figure for CO, in plasma or blood may be in error 
by about 0.5 v.p.c. When the CO, content of the blood is about 10 
v.p.c. (a typical value for venous dogfish blood), such an error might 





CARBON DIOXIDE IN DOGFISH BLOOD 383 


produce a large error in the calculated value of C and hence of rCO,. 
For example, if the analysis of the plasma gave a result too high by 
0.5 v.p.c., and the analysis of the whole blood too low by 0.5 v.p.c., an 
error of 38 p.c. would result in rCO,. For this reason little importance 
has been attached to individual values of rCO,. Each value of rCO, 
reported in this paper is a mean for a group of comparable determina- 
tions. 

In addition to random errors, a systematic error may be inherent in 
the hematocrit determinations since centrifuge speeds above 3000 r.p.m. 
were not used. If the hematocrit numbers are systematically too high, 
‘due to failure to separate completely the plasma from the cells, the 
error would tend to obscure any real discrepancy between the concentra- 
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Fic. 1. CO, dissociation curves of whole blood and true plasma of dogfish 
(11) and (27). 


tions of CO, in cells and plasma. Similarly in the estimation of 
chloride and water content of the cells, allowance for plasma trapped 
between the cells would tend to diminish the reported values of rCl 
and increase those of rCO,. Thus in every case the systematic errors, 
if they are significant, would tend to obscure, not enhance, the discrep- 
ancies which are the main findings of this investigation. 


RESULTS 


The characteristics of the CO, dissociation curves of the whole blood 
will be presented first, then the data relating to the distribution of CO, 
between cells and plasma. 

The CO, dissociation curves of dogfish blood resemble those of 
other vertebrates in many respects. When the log of Pco, is plotted 
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against the log of the CO, content, a straight line is obtained, except 
for points at very low pressures of CO,, i.e. less than 1 mm. Hg. Since 
analytical errors are magnified at these low values of CO, and Pco,, 
not much significance can be attached to the discrepancies, although 
they might be due to carbamino compounds. 

The position and slope of the curves vary greatly from fish to fish. 
The lowest CO, content at a CO, pressure of 30 mm. was 16 v.p.c.; 
the highest was 52 v.p.c. Part of this variation was due doubtless to 
great variation in erythrocyte volume, e.g. from 10 to 25 p.c. It was 
suspected at first that a seasonal factor was of importance since all of 
our higher values for CO, capacity were obtained early in the summer. * 
A few determinations early in the summer of 1938 showed that this 
relationship was not invariable. 

Oxygenation has no detectable effect on the CO, capacity of dog- 
fish blood which is in this respect similar to skate blood (Dill, Edwards 
and Florkin, 1932). The buffer powers of several samples have been 
calculated for the range of Pco, of 5 to 50 mm. Hg by the formula of 


Van Slyke, B (buffer power) = SH 


mols/liter. Most of the values varied from 10 to 20 millimols/pH, 
which agrees well with the values for skate blood. Two specimens (10 
and 11), however, showed values of about 90 millimols/pH. 

Many samples of venous blood and a few of arterial blood were 
analysed immediately on removal. The percentage of saturation with 
O, varied in these samples from 25 p.c. to 75 p.c., while the O, capaci- 
ties varied from 2 to 7 v.p.c.; a common value being about 4 p.c. No 
samples, even of arterial blood, were found to be more saturated than 
75 p.c., perhaps because of the relatively high environmental tempera- 
ture, or of the artificial conditions of aeration of the gills. Neverthe- 
less, one may infer from these data the probable range of CO, content 
and pressure in dogfish blood. The CO, content of arterial blood is 
probably about 6-8 v.p.c. at a tension of perhaps 3 or 4 mm. Hg. The 
highest value found for CO, content of venous blood was 12 v.p.c. at a 
probable tension of 10 or 12 mm. Hg. Presumably, higher values than 
this may be attained under conditions of stress. In two specimens, 
numbers (10) and (11), which had steep dissociation curves, the esti- 
mated Pco, for arterial and venous blood was'2 and 4 mm. Hg respec- 
tively. The conditions in these two fish are more like those reported 
by Dill, Edwards and Florkin for the skate. We can substantiate the 
comment of these authors that the transport of CO, can be accomplished, 
with relatively small differences in CO, tension between venous and 
arterial blood, in spite of the absence of any effect of O, on the CO, 


AB being expressed in milli- 
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capacity, because the physiological range of the CO, dissociation curve 
in these forms is on the steepest part of the curve. 


DISTRIBUTION OF CARBON DIOXIDE AND CHLORIDE 


Table I summarizes the results on distribution of CO, and Cl be- 
tween erythrocytes and plasma. It is apparent that in the majority of 
specimens the CO, content of the erythrocytes per unit of water is 
definitely higher than that of the plasma in equilibrium with them. 
The chloride content, on the other hand, is definitely lower in the 
erythrocytes, which is what one would expect if the conditions of ionic 
equilibrium were similar to those in mammalian erythrocytes, and de- 
termined according to the Donnan Equilibrium. In only one specimen 
was rCO, as low as one. Even in this one, the discrepancy between 


TABLE I 


Summary of data on the distribution of CO2 and Cl between erythrocytes and plasma 
or serum 





Experiment —— Mean rCO:z Mean rCl rCOz/rCl 


Dogfish (23) 

Dogfish (26) 

Dogfish (27) 

Dogfish (spiny) (11)........ 
Dogfish (spiny) (22) 

Various venous bloods 


rCO, and rCl is maintained by a low rCl. It should be noted too that 
the values of rCl are definitely lower than those found at the same pH 
in mammalian blood. Another point worthy of note is that no tendency 
was observed for the hematocrit number, rCO, or rCl, to vary in any 
regular fashion with changes in Pco, ranging from 0 to 60 mm. Hg. 
For this reason it is justifiable to calculate a mean value for rCO, and 
rCl for the data of one dissociation curve. It should be emphasized, 
however, that since the hematocrit measurements are rather crude, it 
cannot be concluded from these data that there is no shift in water or 
chloride, when CO, is added to dogfish blood. This point requires 
further investigation over wider ranges of Pco,. 

Some idea of the regularity of the data may be obtained from Fig. 
1 which shows the CO, dissociation curves of blood and true plasma 
of dogfishes (27) and (11). It is seen that the CO, contents of whole 
blood and plasma (and hence of cells and plasma) are practically equal 
in (27). When allowance is made for the lower water content of the 
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Taste II 
Complete data of a typical experiment on the heparinized blood of dogfish (23) 


H:0 Chlorides 
co. Hematocrit 


grams/100 cc.| grams/100 cc.|m.eq./liter | m.eq./liter 
63.7 53 94 


22.7 89.6 63.7 255 
21.7 89.4 254 
21.8 256 
23.3 254 
22.9 89.7 63.5 256 
23.1 254 


Av. 22.5 89.6 63.6 


cells, it is evident that the concentration of CO, per unit of water is 
higher in the cells than in the plasma. A striking excess of CO, in the 
cells of (11) (a spiny dogfish) is evident. Almost identical results 
were obtained on (10) (a smooth dogfish). In Table II are presented 
the complete data of one experiment (dogfish 23). The greatest dis- 
crepancies are shown in figures for chloride content of the cells. In- 
homogeneity of the samples of packed cells may be responsible for these 
variations. 


DIscussION 


It is evident that considerably more CO, is present in the red cell 
than can be accounted for by the combined assumptions that the bulk of 
the CO, in the red cell is in the form of free bicarbonate ions, and that 
the distribution of bicarbonate and chloride ions is according to the 
Donnan Equilibrium. If it is assumed for the purpose of calculation 
that the distribution ratio of free bicarbonate ions is equal to that of 
the chloride ions, then the extra CO, in the red cells (Eco,) may be 
calculated in approximate fashion as follows: 


Eco, =[CO,] (cells) —[CO,] (plasma) X rCl. 


Since rCl and rCO, are practically constant over the range studied, 
Eco, increases progressively with Pco,. This would suggest that the 
extra CO, in the cells was not in the form of carbamate, since carbamino 
compounds of mammalian hemoglobin are present in maximal concen- 
tration at very low pressures of CO,, and tend to decrease with increas- 
ing Pco,. 

Two other possible explanations of the extra CO, deserve some 
consideration. It is possible that some combination of a non-carbamate 
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type may occur between bicarbonate ions and cellular proteins (hemo- 
globin or others). The evidence for such a compound is discussed in 
the review by Roughton (1935) under the heading Y-bound CO,. The 
likelihood of the existence of such compounds is supported somewhat 
by the demonstration recently of a specific effect of bicarbonate on the 
O, capacity of hemoglobin by Sidwell et al. (1938). 

The other possibility invokes the participation of the nucleus. It has 
been shown by Chambers and Pollack (1927) that the nuclei of starfish 
eggs are distinctly more alkaline than the cytoplasm (pH 7.6 as com- 
pared with pH 6.8). If this is true in the dogfish erythrocyte one 
would expect that, at any given pressure of CO,, the concentration of 
combined CO, would be five or six times greater in the nucleus than 
in the cytoplasm. If it were further assumed that the nucleus contained 
little or no chloride, the discrepancy between rCO, and rCl could be 
explained, as well as the low values of rCl relative to mammalian blood. 
It seems impossible at the present time to decide which, if any, of these 
views may be correct. 

In searching the literature for observations similar to ours, we found 
the paper of Dill and Edwards (1931) on crocodile blood. They had 
found an apparent excess of CO, in the red cells in both reduced and 
oxygenated blood. In two respects, however, their findings were dif- 
ferent from ours. On reduction of the crocodile blood, the excess CO, 


in the red cell was increased enormously. This suggests that carbamino 
compounds of CO, with hemoglobin may be very prominent in croco- 
dile blood. The other difference, which may or may not be as sig- 
nificant, was that the distribution ratios for chloride were more nearly 
similar to those in mammalian blood. If the nucleus in these cells were 
poor in chloride the volume of the nucleus would have to be small com- 
pared with the cell volume. 


SUMMARY 


The CO, dissociation curves of dogfish blood (Mustelus canis) are 
in most respects like those of other vertebrates, Log Pco, plotted against 
Log [CO,] gives a straight line. 

The CO, capacity is not affected by the degree of oxygenation of 
the hemoglobin. 

The oxygen capacities in different specimens varied from 2 to 7 
V.p.c. 

The tension of CO, is estimated to vary, in arterial bloods from 2 to 
6 mm. Hg; in venous bloods from 4 to 12 mm. Hg with the CO, con- 
tents ranging from 6 to 12 v.p.c. 
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The concentration of CO, in the erythrocytes is usually greater 
than in the surrounding plasma. Reasons are given for supposing the 
“extra” CO, in the red cells not to be carbhemoglobin. Two other 
possible explanations for the extra CO, are discussed. 
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DIGESTION OF FAT IN AMOEBA PROTEUS 


S. O. MAST 


(From the Marine Biological Laboratory, Woods Hole, and the 
Zoédlogical Laboratory, Johns Hopkins University) 


Greenwood (1886) maintains that if Amoeba comes in contact with 
milk, the fat globules in it are ingested but that they are not digested. 
She concludes that Amoeba does not digest fat. Nirenstein (1905) says 
there is no evidence which shows that fat is digested by any of the 
unicellular organisms. 

Dawson and Belkin (1928-29) injected various oils into Amoeba 
proteus and Amoeba dubia and then measured the diameter of the 
globules daily. They found that globules consisting of codliver, olive, 
cottonseed, linseed, sperm, peanut, oxfoot or oleic oil decreased in size 
in Amoeba proteus and globules of all these, except oxfoot and oleic 
oils, in Amoeba dubia, but that globules of paraffin oil did not decrease 
in either. They conclude that all these oils except paraffin are digested 
in Amoeba proteus and all except oxfoot, oleic and paraffin in Amoeba 
dubia. It is obvious, however, that the decrease observed in the size of 
the globules may have been due to oxidation rather than to digestion. 
Their results consequently do not prove that fat is digested in Amoeba. 

Mast and Hahnert (1935) studied the digestion of Chilomonas para- 
mecium in the food vacuoles in Amoeba proteus. They conclude that 
the fat globules pass from the chilomonads into the surrounding fluid in 
the vacuole and then out into the cytoplasm but that they probably do 
not undergo any chemical or physical changes during this process, i.e. 
that they probably are not digested. They maintain that after the 
globules of fat pass out of the food vacuoles, they become uniformly 
distributed through the cytoplasm and finally disappear, presumably 
owing to oxidation. They consequently obtained no evidence indicating 
that fat is digested by Amoeba. 

The following observations were made on the fat in Colpidium stri- 
atum ingested by Amoeba proteus. The colpidia used were cultured in 
a solution which contained 15 grams tryptone and 2 grams KH,PO, per 
1,000 cc. water and an unidentified mold but no bacteria. The mold 
contained much fatty acid. The colpidia fed on the mold and contained 
an extraordinarily large amount of neutral fat. The amoebae used were 
taken from an old declining culture which still contained numerous 
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amoebae. These amoebae contained practically no fat and no food 
vacuoles except a few in which Monas punctum was found. This or- 
ganism is not digested by Amoeba proteus, although it is often ingested 
in large numbers (Mast and Hahnert, 1935). Two methods were used. 


Fic. 1. Camera outlines of food vacuoles in Amoeba proteus containing Col- 
pidium striatum. c, colpidia or fragments of colpidia in food vacuoles; f, globules 
of fat in the colpidia; fc, globules of fat in the cytoplasm; 15 min., 19 min., etc., 
time after ingestion. 

A, division of the food vacuole and the colpidium in it; B, the food vacuoles 
and the fat in the cytoplasm of an amoeba three hours after it had ingested a 
colpidium (Note that the original food vacuole had divided into 13, each contain- 
ing a fragment of the colpidium, that there were no globules of fat in the solution 
in the vacuoles around these fragments, that the fat in the cytoplasm of the amoeba 
was in the form of minute droplets, and that these droplets were much smaller 
than the globules of fat in the food vacuoles); C, the food vacuoles and the 
globules of fat in an amoeba five hours after it had ingested a colpidium (Note 
that the globules of fat in the cytoplasm of the amoeba had become larger but 
that they were still much smaller than those in the food vacuoles and that there 
was no decrease in size in those but that some vacuoles had none); D, the food 
vacuoles and the fat in the cytoplasm of an amoeba 24 hours after it had ingested 
a colpidium (Note that the globules of fat in the cytoplasm were well filled with 
fat and that the globules had increased considerably in size. Some of the amoebae 
examined had no food vacuoles and some had several but there was no fat in any 
of them). 
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I 


About 250 amoebae were taken from the old culture referred to 
above. Several of these, taken at random, were stained for fat with 
Sudan IV. The rest were transferred successively through several sep- 
arate portions of Hahnert solution ;* then numerous colpidia were added 
and left 10 minutes, i.e., until most of the amoebae had ingested one or 
more colpidia, after which they were again passed through several por- 
tions of Hahnert solution so as to remove all the colpidia. An hour 
later several of the amoebae which contained colpidia were stained for 
fat with Sudan IV and examined under low and high magnification. 
This was then repeated from time to time for 24 hours. This entire 
experiment was repeated three times. There was no essential difference 
in the results obtained but there was great individual variation in the 
time required for the processes observed. The following results were 
obtained in one of the experiments. 

1. Six amoebae were taken at random before the colpidia were 
added, and treated with Sudan IV. No fat was found in two, a few 
very small globules in one and a considerable number of very minute 
droplets which probably were fat in each of the rest. 

2. Nine were taken 2 hours after having been fed with colpidia and 
treated with Sudan IV. Preliminary observations showed that soon 
after a colpidium is ingested the food vacuole usually divides several 
times, resulting in a number of small vacuoles each of which contains a 
fragment of the colpidium. Two of the nine amoebae had no food 
vacuoles but they had a considerable number of minute droplets scat- 
tered through the cytoplasm, which probably were fat. Seven had 
respectively 6, 6, 8, 9, 11, 15 and 21 food vacuoles containing colpidia 
in various stages of division. A few of these had no fat, but the rest 
were well filled with large globules. No fat was found in the solution 
in the food vacuoles, around the fragments of colpidia.? Three of the 
amoebae had a few small fat globules in the cytoplasm and the rest had 


1 Hahnert solution is composed of KCl .004 gram, CaCl, .004 gram, 
CaH,(PO,).:2H,O .002 gram, Mg,(PO,).°4H,O .002 gram, Ca,(PO,), .002 gram, 
and H,O 1,000 cc. 

2 Mast and Hahnert (1935) maintain that the globules of fat in chilomonads 
in food vacuoles in amoebae pass out into the surrounding solution in the vacuoles. 
In observation on colpidia in amoebae which were under cover-glasses with but 
little space between them and the slides I repeatedly saw globules of fat come 
out of the colpidia especially when pressure (even if only slight) was applied to 
the cover-glass, but I never saw any indications of it in preparations in which the 
cover-glasses were supported so as to leave abundance of space under them. It 
is probable, therefore, that the movement of globules of fat out of the chilomonads 
observed by Mast and Hahnert was due to external pressure. 
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minute droplets scattered through the cytoplasm, like those which had 
no food vacuoles. 

3. Nine were taken 3.5 hours after having been fed. Two of these 
had no food vacuoles and probably no fat in the cytoplasm. The rest 
had respectively 4, 9, 12, 13, 15, 16 and 18 food vacuoles. Two of 
these had very minute droplets probably fat. Each of the rest had a 
considerable number of small globules of fat scattered through the cyto- 
plasm but these globules were much smaller than those in the fragments 
of colpidia in the food vacuoles. 

4. Nine amoebae were taken 5.5 hours after having been fed. All of 
these had food vacuoles, the number varying from 3 to 17. One of the 
amoebae had minute droplets in the cytoplasm, probably fat. Eight had 
small fat globules scattered through the cytoplasm. 

5. Six amoebae were taken 7 hours after having been fed. All had 
food vacuoles, a total of 50. Eighteen of them had fragments of col- 
pidia which contained large globules of fat. The rest (32) had no fat. 
Four of the amoebae had numerous small fat globules scattered through 
the cytoplasm. One had a moderate number and one only a few. None 
had minute droplets. All the globules of fat in the cytoplasm were 
much smaller than those in the food vacuoles. 

6. Eight amoebae were taken 24 hours after having been fed. Only 
one of the 8 had any food vacuoles and that one had only four and 
there was no fat in any of them. One had no fat in the cytoplasm. 
All the rest had numerous globules scattered through the cytoplasm 
(Fig. 1). 

The results presented show that soon after a colpidium is ingested 
the food vacuole and its content divides and that this is repeated until 
there are several, each containing a portion of the colpidium. They 
show that the globules of fat in the fragments of colpidia do not pass 
out into the solution around them in the vacuoles but that they gradually 
decrease in number until all have disappeared and that as they decrease 
in number, globules of fat appear in the cytoplasm of the amoeba and 
increase in size and number but that they are continuously much smaller 
than those in the food vacuoles. 

This proves that the fat does not leave the food vacuoles in the form 
of globules and that it is digested, passes out into the cytoplasm in solu- 
tion and is there resynthesized. 


II 


About 200 amoebae were taken from the old culture used in the pre- 
ceding experiments and put into Hahnert solution; then numerous col- 
pidia were added. After 2, 4, 9 and 24 hours respectively, some of the 
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amoebae which had ingested colpidia were taken out and put into 
Hahnert solution and stained with Nile blue sulfate for fat and fatty 
acid. Some colpidia which had not been ingested, some amoebae from 
a young culture and some emulsified oleic acid were also stained with 
Nile blue sulfate. 

The oleic acid became densely purplish blue. The fat in the colpidia 
and that in the cytoplasm of the amoebae became pink, indicating that 
it was neutral. There was no bluish tinge in any of it, ie. there was 
no indication of fatty acid. The fat in the colpidia which had recently 
been ingested was just as pink as that in the colpidia which had not 
been ingested and that in the cytoplasm of the amoebae. That in the 
colpidia which had been in the food vacuoles 2 or more hours was 
lavender or purple. The shade varied considerably in different vacuoles 
but it was clearly bluish in all. (The color of the fat in these vacuoles 
was repeatedly compared with that of the fat in the cytoplasm of the 
amoebae and that in colpidia which had recently been ingested, and it 
could definitely be seen that there was a marked difference in color, the 
former being definitely bluish.) The fat in the oldest (smallest) food 
vacuoles was, however, not appreciably bluer than that in younger 
vacuoles. It was not distinctly blue in any, not blue like the blue ob- 
tained in emulsions of oleic acid. 

These facts indicate that the fat in Colpidium is changed to fatty 
acid and glycerine, that these substances leave the vacuoles soon after 
they are formed, and that in the cytoplasm of the amoebae they unite 
and form neutral fat. There is no evidence indicating that fatty acid 
accumulates to any considerable extent in the vacuoles. Small amounts 
of fat in old vacuoles are no bluer than large amounts in younger 
vacuoles, 


SUMMARY 


1. If a colpidium which contains numerous globules of fat is ingested 
by an amoeba which contains no fat, the food vacuole and its content 
soon divide several times forming a number of vacuoles, each containing 
a fragment of the colpidium. 

2. The globules of fat in these fragments gradually disappear and 
as they disappear, small droplets of fat appear in the cytoplasm of the 
amoeba, which gradually increase in size and number until in 24 hours 
all the fat in the fragments has disappeared and the cytoplasm of the 
amoeba is well filled with globules of it. 

3. Treatment with Nile blue sulfate shows that the fat in the intact 
colpidia and that in the cytoplasm of the amoebae is neutral, but that 
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the fragments of colpidia in the food vacuoles contain fatty acid as well 
as neutral fat. 

4. The fact that the globules of fat in the fragments of colpidia in 
the food vacuoles are much smaller than those in the cytoplasm of the 
amoebae when first observed, shows that they do not pass out into the 
cytoplasm and it indicates that the fat is digested in the fragments and 
passes out in solution. The fact that fatty acid is formed in the 
fragments indicates that the fat in them is split into fatty acid and 
glycerine which pass out into the cytoplasm and unite there to form 
neutral fat. 
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THE OXYGEN-CONSUMPTION OF COLPIDIUM 
CAMPYLUM 


ROBERT H. HALL 
(From the Department of Zoélogy, Columbia University, New York) 


INTRODUCTION 


Interest in the respiratory exchange of Protozoa dates from the 
work of Vernon (1895) on the radiolarian, Collozium inerme. In the 
forty-three years that have elapsed since the publication of Vernon’s 
paper, observations have been made on the gas-metabolism of species 
belonging to three of the four major groups of unicellular animals. 
During this period, however, the development of protozodlogical tech- 
nique has lagged behind the very rapid improvement in physiological 
and biochemical procedure, so that much of the data which have ac- 
cumulated are difficult or impossible to evaluate. 

Beginning with Lund’s (19185) work on Paramecium caudatum, 
oxygen-consumption of ciliate protozoa has repeatedly been found to 
be relatively unaffected by cyanide, suggesting that the mechanism by 
which these forms use molecular oxygen differs fundamentally from 
the usual one found in aerobic cells. The nature of the causes under- 
lying this difference should prove to be of considerable general interest. 
It seemed worthwhile, therefore, to begin a careful study of the intra- 
cellular oxidative mechanism in a species of ciliate. The holotrichous 
form Colpidium campylum was chosen for the purposes of this investi- 
gation. In order critically to study the respiratory mechanism, it was 
necessary to have precise measurements of the normal rate of oxygen- 
consumption. The existing data provide no such sound basis for fur- 
ther experimental work with this species. Accordingly, the rate of 
oxygen-consumption of C. campylum has been determined manometri- 
cally under carefully controlled and, therefore, reproducible conditions. 

The current paper is a contribution to the growing literature in a 
relatively new field of investigation dealing quantitatively with the bio- 
chemical properties of pure suspensions of protozoa. Invaluable data 
have resulted from the application of such methods of study in the field 
of bacteriology. Their extension to the Protozoa, although highly de- 
sirable in view of the biological and medical importance of this phylum, 
was formerly rendered impracticable by the complexity of the media 
required for cultivation of most protozoan forms. With the develop- 
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ment of suitable isolation methods and of artificial media capable of 
supporting growth, a limited number of species are now available in 
bacteriologically sterile, non-particulate cultures. Such cultures offer 
material for biochemical investigation which is more homogeneous and 
free from specialization of cellular function than metazoan tissue slices. 

This research was carried out under the supervision of Professor 
Gary N. Calkins of the Zodlogy Department of Columbia University. 
The author wishes to express his appreciation of the interest which 
Professor Calkins has maintained in the progress of the work, and to 
acknowledge his indebtedness to him for his aid in preparing the 
manuscript. 


MATERIAL AND METHODS 


A bacteria-free culture of Colpidium campylum (Stokes) Breslau 
was obtained from the Lenox Hill Hospital through the courtesy of 
S. M. Nagy. This strain was originally isolated by Hetherington and 
identified by Lwoff. Cultures of the ciliates were grown in 20 x 150 
mm. cotton-plugged Pyrex tubes containing 15 cc. of sterile medium. 
Transfers were made with sterile volumetric pipettes of 1 ml. capacity, 
observing the usual precautions in order to prevent bacterial contamina- 
tion. The medium employed for cultivation of the organisms con- 
sisted in a 2 per cent solution of tryptone (Difco) containing 0.1 per 
cent yeast-extract (Difco), made up in the following salt solution: 


KH,PO, (Sgrensen) 
NaCl 


Ca(NO,),.4H,O 
Distilled water 


The reaction of the medium after autoclaving was pH 6.6 + 0.02. 
The pH-measurements were made with a quinhydrone electrode con- 
nected through a saturated KCl-agar bridge to a saturated KCl-calomel 
half-cell. 

The experimental suspensions were made up with material from 
cultures incubated 48 hours in a thermostat-controlled room at 23° C. 
The supernatant layer of actively swimming ciliates was poured off the 
top of a culture into a clean centrifuge tube, being careful not to stir 
up the precipitate of dead organisms at the bottom. Material from 
several cultures was concentrated by centrifuging and transferring to a 
single clean test-tube. Suspensions prepared in this manner cannot be 
described as absolutely bacteria-free, since the cultures from which they 
are made up undoubtedly become contaminated as soon as they are ex- 
posed directly to the air. For practical purposes, however, such sus- 
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pensions may be regarded as bacteria-free, since the number of bacteria 
present even after several hours is entirely negligible in comparison 
with the magnitude of the protozoan population. 

In the present investigation the rate of oxygen-consumption by Col- 
pidium campylum is stated in terms of the number of cubic millimeters 
of gas, reduced to 0° C. and 760 mm. pressure, taken up per million 
cells. When results are expressed in this manner, their accuracy is 
largely determined by the precision with which the number of cells in 
the experimental suspensions is estimated. The following procedure 
has been found satisfactory. By means of a calibrated pipette, samples 
were withdrawn from the concentrated suspension alternately to be 
used in performing the measurements and in estimating the number of 
cells. The pipette used in taking samples delivered 0.995 cc. at room 
temperature. Before taking each sample, the tube containing the con- 
centrated suspension was rolled vigorously between the palms of the 
hands or flipped carefully to insure uniform distribution of the contents. 
Before any samples were taken the pipette was first wet by drawing 
up some of the suspension. This procedure helps to correct for the 
tendency of the cells to stick to the sides of the pipette. As a rule, 
two samples were transferred into the main chamber of each manometer- 
vessel. The samples to be used in determining the concentration of the 
suspension were placed in clean test-tubes containing 5 drops of Bouin’s 
alcoholic fixative. Each tube received a single 0.995 cc. sample; 9 cc. 
of distilled water were added from a calibrated burette, and the tubes 
were plugged with cotton and set aside in the refrigerator. When 
counts were to be made, the tubes were removed and shaken vigorously. 
Single samples from each were placed in separate clean test-tubes, em- 
ploying the same pipette which was used in taking the original samples 
from the experimental suspensions. The contents of each of these 
tubes were diluted with 9 cc. of distilled water from the calibrated bu- 
rette, and counts were made on 0.995 cc. samples withdrawn from the 
resulting suspensions after thorough shaking. A Sedgwick-Rafter 
counting chamber of the circular type was used. In order to facilitate 
counting, the bottom surface of the chamber was ruled off into 5 mm. 
squares with a diamond-point pencil. The number of ciliates in the 
entire contents of the chamber was counted under a binocular dissecting 
microscope, using the 2.3 objective and 9 X oculars. The results of 
the several counts were averaged and multiplied by 100 to obtain the 
average number of cells in each sample taken from the original concen- 
trated suspension. This figure, multiplied by the proper small integer 
representing the number of samples placed in each manometer vessel 
and expressed as a decimal part of one million, was used in calculating 
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the rate of oxygen-consumption. The difference between the counts 
obtained with individual samples and the average for all samples taken 
from the same original suspension was taken as an index of the prob- 
able error of counting. From the differences obtained in this way in 
each experiment the average percentage difference between counts per- 
formed on samples from the same suspension was calculated. This 
constant is a mixed one including both the sampling error and the error 
of counting. 

Oxygen consumption was measured directly, using Warburg mano- 
meters fitted with rectangular vessels similar to those employed by War- 
burg, Kubowitz and Christian (1931), but with an inset chamber for 
potassium hydroxide. The theory of the method has been adequately 
summarized and appraised by Dixon (1934). Hence, only those de- 
tails will be discussed here which are of particular importance in con- 
nection with this investigation. In the majority of the experiments four 
or five manometers were used, one of these in each case serving as a 
thermo-barometric control. The average capacity of the manometer 
vessels was 8.812 cc. to the level of the manometric fluid (Brodie’s 
solution colored with Sudan III), and the average volume of the gas 
space was 6.689 cc. The manometer constants were calculated by sub- 
stituting in the formula derived by Warburg. The total volume of 
oxygen consumed was obtained from the algebraic difference between 
the observed change on the scale of the experimental manometer and 
that on the scale of the thermobarometer by multiplying by the proper 
manometer constant. The rate of oxygen-consumption was calculated 
as the quotient obtained by dividing the total volume of oxygen con- 
sumed in unit time (1 hour) by the total number of cells in the sus- 
pension expressed as a decimal part of one million. In order to insure 
efficient absorption of the carbon-dioxide evolved during respiration, 
small rolls of No. 40 Whatman (starch-free) filter paper were placed 
in the inset chambers of the vessels and soaked with 20 per cent car- 
bonate-free KOH. The volume of alkali added was 0.133 cc. in every 
case. The temperature was controlled by immersing the vessels in a 
water bath at 19.8° + 0.02° C. The manometers were attached to a 
shaking device and shaken constantly through 5 cm. of arc, except dur- 
ing the time necessary for taking readings. 


EXPERIMENTAL RESULTS 


Dixon and Elliott (1930) have shown that in performing manometric 
measurements, if the results are to represent the true gaseous exchange 
of the tissue or cell-suspension, certain purely mechanical factors must 
be taken into consideration. Under certain circumstances the capacity 
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of the manometer vessels and their shape, together with the rate at 
which the manometers are shaken, may determine the accuracy of the 
measurements. The manometers should be shaken rapidly enough to 
render oxygen-consumption of the contained tissue or cell-suspension 
independent of the diffusion equilibrium between the gas space and the 
fluid bathing the tissue or cells. 


°9 10 20 30 40 50 60 


TIME —MIN. 


Fic. 1. Oxygen-consumption by suspensions of C. campylum at different rates 
of shaking. Ordinate—cu. mm. of O, per million protozoa; abscissa—time ine 
minutes. The figures at the right, opposite the curves, refer to the rate of shak- 
ing expressed as the number of complete cycles per minute. 


At the beginning of the present investigation, therefore, a series of 
experiments was carried out with the object of finding a suitable rate 
of shaking for suspensions of the proper concentration to insure ob- 
taining significant readings. The results are shown in Fig. 1. Each 
point represents the average of the data obtained with three different 
manometers except for the experiment in which the rate of shaking was 
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140 cycles per minute, where an unfortunate accident eliminated two 
of the manometers. The average number of cells in the suspensions 
was about 250,000. From the data obtained it is clear that with sus- 
pensions of the order of density of a quarter of a million cells the rate 


60 120 180 240 
TIME —MIN. 


Fic. 2. Oxygen-consumption by suspensions of C. campylum. Data of single 
experiments performed with the same manometer. Ordinate—cu. mm. of O, per 
million protozoa; abscissa—time in minutes. Explanation in text. 


of oxygen-uptake is dependent on the rate of shaking until a frequency 
of about 120 cycles per minute is attained. Accordingly, in all subse- 
quent experiments the manometers were shaken at a rate of 120 cycles 
per minute. 
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In Fig. 2 are shown the results of two experiments, performed on 
successive days with the same manometer, in which the oxygen-con- 
sumption of suspensions of Colpidium campylum was followed during 
a period of over four hours. The duration of individual runs was one 
hour. The concentrations of the experimental suspensions were ap- 
proximately the same, about 230,000 cells in each case. The open 
circles in Fig. 2 represent the data obtained June 25, 1937. In this 
experiment tap-water was used in the vessel of the manometer which 
served as a thermobarometric control. A gradual increase in the rate 
of oxygen-consumption is indicated after the second hour. Since the 
increase was very gradual, it seemed likely that it might be only an 
apparent one brought about through the cumulative effects of autoxi- 
dizable substances and bacterial contamination in the suspension, or by 
differences between the solubilities of the respiratory gases in tap-water 
and in culture fluid. All of these effects could readily be compensated 
by using fresh culture medium in the vessel of the thermobarometer. 
This was done in the experiment performed the following day, the data 
of which are represented by the filled circles in Fig. 2. It is evident 
that when the proper precautions are taken in setting up an experiment 
the observed rate of oxygen-consumption by suspensions of C. cam- 
pylum remains constant over a period of at least four hours. The aver- 
age rate computed from the data of June 26 is 111.0 mm.’ O,/hr./ 
million. 

In order to obtain critical measurements of the rate of oxygen- 
consumption, a series of experiments was performed in which three 
or four samples were tested in each run. A summary of these ex- 
periments is given in Table I. By averaging the results of the 36 
measurements included in the table, a value of 112.5 mm.* O,/hr./10® 
is obtained for the rate of oxygen-consumption by suspensions of Col- 
pidium campylum in the medium employed for their cultivation. Com- 
parison of this figure with that of 111.0 mm. O,/hr./10® given in the 
preceding paragraph shows that individual runs yield data of good 
precision. 

The data of Table I provide an index of the accuracy with which 
samples of like density can be taken from the same original concen- 
trated suspension, using the technique described in this paper. The 
standard deviation between the oxygen-quotients obtained for different 
samples in the same run was 0.0194. Since the combined error of 
counting and sampling is of the order of about 4 per cent, it is evident 
that the sampling error falls well within the limits of the general 
method of relating the volume of oxygen consumed to the number of 
respiring cells. The data show that no significant difference in results 
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is obtained with different manometers provided the latter are accurately 
calibrated. While the average result obtained with manometers Nos. 
203 and 205 was higher than with the other two manometers, the dif- 
ference does not appear consistently and represents only about 1.2 per 
cent of the average hourly uptake, whereas for the 36 measurements 
included in the table the standard deviation of the average 06,-value is 
0.0363. In two of the experiments included in Table I it will be noted 


TABLE I 


Summary of the data of eleven experiments in which three or more samples were 
tested simultaneously. Duration of each run = 1 hour. Temperature = 19.8° 
+ 0.02° C. Gas-mixture — air. Rate of shaking = 120 cycles/minute. 





05, — mm! O2/hr./108 


Manometer number 
Average 


0.226 
0.139 


0.238 
0.247 


0.321 


0.234 
0.466 


0.251 
0.376 
0.251 
0.376 


Averages | 0.284 111.8 111.8 


that suspensions of apparently greater density were used in manometers 
Nos. 203 and 205 than in the other two manometers in the same runs. 
In preparing these experiments, different volumes of the original con- 
centrated suspension were measured into the vessels of the respective 
manometers. The total volume of the suspension, and, hence, the sur- 
face-volume relationship, were thus varied without altering the actual 
density of the suspensions. This was done in order further to check 
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whether the rate of shaking (120 cycles per minute) was adequate to 
insure uniform results when larger populations were to be tested. The 
data do not provide any evidence to the contrary. 


Discussion 


Comparison of the data presented above with those of earlier work- 
ers is difficult because of the variety of conditions, often imperfectly 
known, under which previous measurements have been carried out. 
Table II is a summary of the results obtained by other investigators 
where comparable procedures have been employed and where the data 
could be expressed in a standard way as the volume of oxygen in cubic 
millimeters consumed per million cells per hour. 

Investigations have ranged in exactness from observations on the 
ability to survive under conditions of anaerobiosis (Piitter, 1905) to 
determination of the gaseous exchange of single organisms in a capil- 
lary micro-respirometer (Kalmus, 1927, 1928; Howland and Bernstein, 
1931). Efforts toward quantitative measurements began, although they 
attained no accuracy, with the use of absorption apparatus (Barratt, 
1905) and various modifications of the Winkler technique (Wachen- 
dorff, 1912; Lund, 1918). Von Fenyvessy and Reiner (1924), Soule 
(1925) and Amberson (1928) probably obtained more accurate re- 
sults by carefully analyzing samples of gas from sealed cultures, using 
the Barcroft-Haldane-Henderson apparatus. Unfortunately, none of 
these investigators attempted to express his findings in quantitative 
terms. Beginning with the experiments of Bledowski and Zweibaum 
(1915) the majority of studies have involved the use of manometric 
methods. 

The earliest measurements were made on material from mixed cul- 
tures in media of uncertain composition. The disadvantages of such 
cultures have been discussed elsewhere (Jahn, 1931; Phelps, 1931, 1935; 
Raffel, 1932) in connection with growth studies. In attempting to 
measure respiration of protozoa in mixed suspensions, particular dif- 
ficulties are encountered, since the metabolism of the bacteria or other 
foreign microérganisms may alter the results directly to an indeter- 
minate extent. The importance of this factor is brought out by com- 
parison of the following data. Cook and Haldane (1931) have shown 
that at 16° C. B. coli communis consume 17.5 mm.’ O,/hr./mg. bacterial 
nitrogen in the absence of any oxidizable substrate. Since these bac- 
teria contain about 8.3 per cent of their dry weight of nitrogen, the 
average basal oxygen-uptake is 1.5 mm.* O,/hr./mg. dry weight. (Qa, 
is obtained by multiplying by 0.083—not by dividing, as stated by Cook 





404 ROBERT H. HALL 


and Haldane—and is of the same order of magnitude as for yeast 
or mammalian tissues.) In the presence of an oxidizable substrate, 
e.g., lactate, Q5, becomes 12 mm.* O,/hr./mg. dry weight. When B. 


TaBLe II 
Summary of the Results of other Investigators 


Species Investigator 2, Remarks 


°C. 


Actinosphaerium eichhorni. ..| Howland, 1931 20.0? |1130.0| Bacteria present 


Chilomonas paramecium Mast, Pace and Bacteria-free sus- 


Paramecium caudatum 


P. multimicronucleatum 


Spirostomum ambiguum 


Mast, 1936 
Pitts, 1932 
Wachendorff, 1912 


Peters, 1929 


Adolph, 1929 


Lund, 1918 


Zweibaum, 1922 


Necheles, 1924 

Kalmus, 1927 
1928 

Howland, 1931 


Mast, Pace and 
Mast, 1936 


Specht, 1935 


pensions 
Bacteria for food 


1 day culture 
10 day culture 
30 day culture 


Bacteria-free sus- 
pensions? 


Clone “B” 
Clone “C” 
Clone “E” 


Fed 
Starving 


Before conjugation 

During conjuga- 
tion 

After conjugation 


Single cells 
Single cells 
Single cells 
Single cells 


Bacteria present 


coli oxidizes formate, the rate of O,-uptake is about 40 mm.* O,/hr./mg. 
dry weight of bacterial suspension. The holotrichous ciliate Glaucoma 
pyriformis consumes on an average about 35 mm.’ O,/hr./mg. dry 
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weight at 22° C. in 2 per cent peptone-water (M. Lwoff, 1934). In 
order to overcome the disadvantages of mixed suspensions, recourse has 
been made in the past to diminishing the number of bacteria, etc., by 
washing (Wachendorff, 1912; Necheles, 1924; Adolph, 1929; Emerson, 
1930; Specht, 1935), or to balancing the respiration of the mixed popu- 
lation against that of a suspension of the bacteria alone (Zweibaum, 
1921; Grobicka and Wasielewska, 1925; Gerard and Hyman, 1931). 
Bacteria-free cultures of protozoa were first employed in measurements 
of respiration by Soule (1925). 

In most previous investigations no atttempt has been made to con- 
trol the reaction of the medium in which the organisms were suspended, 
and the relation between pH and the rate of oxygen-consumption is not 
known. In only a few instances has the age of the population been 
taken into consideration, although the importance of this factor was 
early recognized (Wachendorff, 1912). Phelps (1935, 1936) has 
shown that growth of Glaucoma pyriformis in bacteria-free cultures 
resembles that of yeast, Protophyta, and bacteria. ‘There is a logarith- 
mic phase during which the population increases at a constant rate, a 
phase of negative acceleration when the rate of increase in the popula- 
tion decreases although the total number of cells continues to increase, 
and a stationary state in which the death rate just balances the rate of 
increase. The suspensions of Colpidium campylum employed in the 
present investigation were made up with material from cultures in the 
stationary growth phase. It is reasonable to suppose that significantly 
different results might have been secured with material from cultures 
in the logarithmic phase or that of negative acceleration of growth. 

There are no reliable data correlating the oxygen-consumption of 
protozoa with temperature, although measurements have been made 
at temperatures ranging from 6.5° to 28° C. Wachendorff’s (1912) 
results indicate that the rate of respiration of Colpidium colpoda is 
quadrupled by an increase of 10° C. in temperature. From the results 
of experiments with single Paramecium caudatum at 13°, 17°, and 22° 
C., Kalmus (1928) concluded: “ Wie die bisher untersuchten messbaren 
Lebensvorgange des Objekts, folgt auch die Atmung in der Umgebung 
des Temperatur-optimums der RGT-Regel.” 

Wachendorff (1912) and Lund (1918) employed the Winkler tech- 
nique for determining oxygen-consumption. In spite of the fact that 
this method is hardly adapted for the precise estimation of minute 
changes in oxygen-tension, the measurements were made with sus- 
pensions of only a few thousand cells. In order to obtain significant 
readings it was necessary to prolong the experiments over a period of 
6-24 hours, during which interval the increase in bacterial flora must 
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have been sufficient to influence the results markedly even if the pro- 
tozoa themselves failed to divide. The work of Necheles (1924), 
Adolph (1929) and Specht (1935) is subject to criticism of the same 
sort. These investigators have used manometric methods in measuring 
the oxygen-consumption of mixed suspensions containing between 900 
and 12,000 cells. With suspensions of such concentrations measurable 
changes are produced only after relatively long periods of time. Con- 
sider the data obtained in the present investigation. At the rate of 
112.5 mm.° O,/hr./million, 5,000 cells would use 0.5625 mm.* of oxygen 
in an hour. Since the average value of the gas constant for the mano- 
meters employed in this research was 0.661, the average change pro- 
duced on the manometer scale by 5,000 cells in one hour would be about 
0.836 mm. With the aid of a hand-lens, readings can be made to the 
nearest 0.1 mm.; hence, the error introduced in such measurements 
in taking readings alone would be of the order of magnitude of 12.0 
per cent. 

The first measurements of the oxygen-consumption of Protozoa 
made under satisfactory conditions are those of A. Lwoff (1933). 
These experiments were done at 28° C. with suspensions of Strigomonas 
fasciculata, S. oncopeltis and Leptomonas ctenocephali from 96-hour 
bacteria-free cultures in 2 per cent peptone solution at pH 7.0. The 
data obtained by M. Lwoff (1934) for Glaucoma pyriformis are the 
first dealing with the oxygen-consumption of a ciliate under adequately 
controlled conditions. Unfortunately, the Lwoffs have expressed their 
findings in terms of the volumes of oxygen consumed per milligram 
dry weight of the suspension, so that it is impossible to compare their 
results with those either of the current research, or of other inves- 
tigators. 


SUMMARY 


A procedure has been described for obtaining accurate measure- 
ments of the rate of oxygen-consumption of Protozoa. This procedure 
involves the use of Warburg manometers and concentrated suspensions 
of organisms made up from bacteria-free cultures. The rate of oxygen- 
uptake by the holotrichous ciliate Colpidium campylum has been deter- 
mined. The average of 36 measurements gave a value of 112.5 mm.* 
O,/hr./million for the rate at 19.8° C. in the medium in which the in- 
fusoria had been growing for 48 hours. The rate remained constant 
over a period of more than four hours. The standard deviation of 
the measurements was 0.0363. 
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THE INFLUENCE OF CENTRIFUGAL FORCE ON THE 
BILATERAL DETERMINATION OF THE 
SPIRALLY-CLEAVING EGG OF 
URECHIS 


DANIEL C. PEASE 


(From the William G. Kerckhoff Laboratories of the Biological Sciences of the 
California Institute of Technology at Pasadena, California) 


INTRODUCTION 


There is evidence from the experiments of several workers, particu- 
larly Runnstrém (1926), Lindahl (1932), and Pease (1938), that the 
location of the plane of bilateral symmetry of various echinoderm eggs 
can be influenced by centrifugal force. It is of considerable interest, 
then, to determine whether this can be done with a spirally cleaving egg. 
The observations on cell lineage have led investigators to believe that, 
in general, in such eggs the position of the first cleavage plane deter- 
mines the plane of bilateral symmetry. Further, it has been found by 
Just (1912), Morgan and Tyler (1930), Tyler (1931), and others that 
in such eggs the sperm entrance point is related to the first cleavage. 
However, Horstadius (1937) has shown by vital staining that in the 
Cerebratulus egg the first cleavage may bear any relation to the bilateral 
axis. Furthermore, he concludes from the development of partial em- 
bryos that there is no evidence of bilateral determination at the two- 
or four-cell stage such as was indicated in the echinoderm egg by the 
experiments of Hérstadius and Wolsky (1936). 

Eggs of the spirally cleaving type have been centrifuged by various 
workers including Boveri (1910), Conklin (1910, 1916), Hogue (1910), 
Lillie, F. (1909a and b), Morgan (1910), von Parseval (1922), Schleip 
(1914), Tyler (1930) and Wilson (1929 and 1930). None, however, 
have reported any influence of the stratification on the position of the 
median plane of the embryo. In the early experiments the centrifugal 
forces employed were relatively low. Also counts of the various types 
of embryos resulting were not made, it having been considered at best 
sufficient to demonstrate that embryos might be obtained with the dif- 
ferent layers in any region. Much of the work was entirely uncon- 
cerned with the possibility that centrifuging could influence the bilateral 
determination. 
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I have therefore examined these questions in the Urechis caupo 
(Fisher and MacGinitie) egg using the high centrifugal forces possible 
with an air turbine ultracentrifuge. The results show a definite rela- 
tion between the axis of stratification and the plane of bilateral sym- 
metry in the resulting embryo. It is concluded that the stratification 
of material substances induces the ventral side near the centripetal end. 

My thanks are particularly due to Dr. Albert Tyler of the California 
Institute of Technology for his aid and suggestions during the course 
of the work and for his critical reading of the manuscript of this paper. 


MATERIAL AND METHODS 


The eggs of the echiuroid worm, Urechis caupo (Fisher and Mac- 
Ginitie), were used in these experiments. A brief description of the 
cleavage and trochophore stages has been given by Tyler (1931). The 
development is very similar to that of Thalassema mellita (Conn.) of 
which Torrey (1903) has carefully worked out the cell lineage. 

The eggs were subjected to varying high centrifugal forces in an 
air turbine ultracentrifuge for short periods of time. They were sus- 
pended in the centrifuge tubes in about six parts of isotonic sucrose 
and four parts of sea water. This mixture was found to very nearly 
equal the specific gravity of the eggs. In calculating the forces ap- 
plied, the speed of the rotor was known and the radius measured to 
the approximate position of the eggs in the centrifuge tubes. The 
forces are listed to the nearest thousand gravities and are within 10 
per cent of the calculated figure. The eggs were centrifuged both 
before and after fertilization. Except where noted in the results, the 
viability of the centrifuged eggs seemed to approximate that of the 
controls and there was no indication of a differential mortality. The 
hardest centrifuging did not activate the eggs. 

To study the eggs and embryos they were fixed in strong Flem- 
ming’s solution, in general for about twelve hours, and then were washed 
for another twelve hours in water. Temporary glycerine preparations 
were then made. The oil during centrifuging goes to the centripetal 
end and occupies almost one-quarter of the periphery of the egg. It 
is stained jet black by this treatment and retains this color a number 
of hours when the eggs or embryos are cleared directly in glycerine. 
The black stain of the oil is by no means permanent in the glycerine 
and the embryos must be examined within a few hours after clearing 
them. The diffusion of the oil is so slow in the egg that a very good 
boundary is maintained until the trochophore stage. This in no way 
seems to effect the viability, and this condensed oil mass was found in 
otherwise normal trochophores in all regions of the embryo. It does 
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not block cleavage and the cells containing great excesses of oil do not 
seem by superficial inspection to be abnormally large. 

The centrifuging makes four primary layers in the unfertilized egg. 
Most centripetal is the large “oil cap,” occupying about a quarter of 
the circumference. There follows a broad layer making up more than 
half of the egg by volume and about a half of the circumference. This 
contains the germinal vesicle which comes to lie just below the oil cap. 
The layer is fairly clear and can be recognized as a double, if not some- 
times a triple layer. The centrifugal quarter of the circumference is 
occupied by the third and fourth layers. The third contains the bulk 
of the yolk and occupies most of the space. The fourth layer is made 
up of coarse pigment granules. 

In studying the trochophores only those were considered that were 
normal or nearly so. Aberrant types were found to be difficult or 
impossible to orient. The aberrations found among the trochophores 
of the centrifuged eggs resembled those found in the control larvae 
and, in general, except when specifically indicated in the results, were 
no more common in the experimental larvae than in the controls. There 
is no indication that in eggs centrifuged before fertilization and in 
some experiments following fertilization that there is any differential 
mortality or aberration. 

In those counts that were made to determine whether the centrifug- 
ing influenced the bilateral axis, only those embryos were counted that 
had the centripetal oil in the prototroch or trochophore cilia band. 
Similarly, to determine whether there was any influence on the polar 
axis, counts were made of trochophores that had the oil in the region 
anterior to the prototroch derived normally from the animal hemisphere 
and those with the oil in the post-trochal and gut regions normally de- 
rived from the vegetative hemisphere. The first hundred embryos 
seen in any experiment were grouped into types and the number found 
of any type is therefore the percentage for that experiment based on 
a random count. Any exceptions are specifically explained in the 
results. 


ReEsuLts CONCERNING THE BILATERAL DETERMINATION 


Different forces were applied for different lengths of time in ten 
experiments on the unfertilized eggs. Directly after centrifuging the 
eggs were fertilized. The data obtained are summarized in Table I. 
The categories in which the trochophores were grouped are, of neces- 
sity, somewhat arbitrary. Only trochophores with the oil present in 
the prototroch are recorded. In the first group it was found in the 
nearly median plane on the ventral side. In the second group it was 
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ventral oblique, in the third nearly lateral, and in the fourth group dorsal 
or dorsal oblique. 

As will be seen in Table I, of a thousand embryos counted at random 
and grouped into these categories, 41.1 per cent had the centripetal oil 
in the ventral median position, 33.2 per cent had the oil in the ventral 
oblique position, 21.5 per cent had it in a lateral position, and only 4.2 
per cent had the oil dorsal or dorsal oblique. It is quite clear from a 
study of the table that the centrifugal force applied over a range of 
from 6,000 to more than 75,000 gravities makes no significant difference 
in the relative number of embryos found in any particular group. The 
lowest force used gave essentially the same result as the greatest force. 


TABLE I 


Eggs centrifuged before fertilization tabulated to show the force applied and 
the number of embryos recorded with the centripetal oil in the various possible 
positions in relation to the dorso-ventral axis. 


riment Force in Time in Oil Ventral | Oil Ventral i il Dorsal 
umber Graviti Minutes Median Oblique Of Lateral | Od 


75,000 
75,000 
77,500 


1 
2 
3 
+ 
5 
6 
7 
8 
9 
0 


— 


Total per cent 


It may be said that experiments Nos. 8, 9, and 10 represent the greatest 
forces that could be applied without bursting almost all of the eggs. 

Table II tabulates similar data on eggs centrifuged at various times 
after fertilization and with various forces. The complete summarized 
data on the development and stage of centrifuging of these eggs ap- 
pears tabulated in Table IV under the same experiment numbers. The 
percentage of the total with the oil in the ventral position is 44 per 
cent, with the oil ventral oblique 33 per cent, with it lateral 19 per cent. 
Only 4.5 per cent had the oil in the dorsal region. 

It is apparent that there is no significant difference in the results 
depending upon the time after fertilization at which the eggs were 
centrifuged or between eggs centrifuged before and after fertilization. 
This work includes experiments carried out during the breakdown of 
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the germinal vesicle, after both the first and second polar body forma- 
tion, and just before cleavage. The influence of the centrifuging on 
the determination of the dorso-ventral axis is the same irrespective of 
the centrifugal force used. 

In order to preclude the possibility that there might be some bilateral 
orientation in the centrifuge tubes, eggs were centrifuged in stiff gelatin 
before fertilization. A solution of gelatin in sea water was made that 
with rapid cooling remained liquid until 16° C. was reached, at which 
temperature the solution jelled. The eggs were put in the solution 
at 22° in the centrifuge tubes and cooled until the gel was quite stiff 
and held the eggs very firmly. The eggs were centrifuged for five 
minutes at 50,000 gravities, removed from the gel by breaking it up and 


TABLE II 


Eggs centrifuged after fertilization. The complete data on the times after 
fertilization at which the eggs of these experiments were centrifuged are included in 
Table IV under the same experiment numbers. 


Experiment Force in Time in ae Ventral | Oil Ventral | ©j] Lateral | Oil Dorsal 





umber Gravities Minutes Oblique 

12 50,000 39 15 1 

13 6,000 36 17 6 

14 50,000 33 16 9 

16 50,000 27 22 7 

17 20,000 29 20 3 

20 50,000 32 23 1 
Total 196 113 27 
Total per cent 33 19 4.5 





dissolving it in sea water at 22°, and then fertilized. The position of 
the oil in the trochophores was recorded in two hundred embryos. In 
45 per cent the oil was ventral median, in 34 per cent ventral oblique, 
in 19 per cent it was lateral, and in only 2 per cent was it found dorsal. 
These figures correspond to the results obtained when the eggs were 
centrifuged in a free suspension of sugar and sea water and it is con- 
cluded that there is no orientation of the eggs in the centrifuge tubes 
in relation to the presumptive bilateral axis. 

The influence of the centrifugal force on the determination of the 
bilateral axis is concluded to be the same in all experiments irrespective 
of the time of centrifuging before cleavage, or the force applied above 
6,000 gravities. It has already been indicated in the previous section 
that there is no indication of a differential mortality. The centrifugal 
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force has either induced a bilateral axis or shifted the presumptive axis. 
There is no evidence that a presumptive axis remains fixed and that the 
mortality of certain types is higher than others. 


PosITION OF THE CLEAVAGE PLANES IN CENTRIFUGED EGcs 


In the very large majority of eggs, centrifuged before or after fer- 
tilization, the first cleavage plane passed through the axis of centrifuging 
and the pole as marked by the polar bodies. In a small percentage it 
passed through the pole and oblique to the axis of centrifuging. In an 
even smaller percentage it passed through the pole and at right angles 
to the axis of centrifuging. The second cleavage also passed through 
the pole and was at right angles to the first cleavage. 

It has been found by Just (1912), Morgan and Tyler (1930), Tyler 
(1931), and Tayler (1931) that the first cleavage has a tendency to pass 
through the sperm entrance point in spirally cleaving eggs. Since the 
first cleavage in spirally cleaving eggs bears a definite relation to the 
4d cell, and hence to the plane of bilateral symmetry, it is important 
to consider whether the first cleavage plane is related to the sperm en- 
trance point in centrifuged eggs. The fertilization process of a large 
number of eggs that had been centrifuged was watched and the sperm 
was seen to enter any part of the egg and to show no preference for 
any particular region. Such a relation is therefore unlikely since in the 
great majority of eggs the first cleavage coincides with the axis of 
centrifuging and passes through the pole. It is statistically obvious 
that in most cases it cannot also pass through the sperm entrance point. 

The question also arises as to whether the first cleavage plane is 
directly related to the dorso-ventral axis of the embryo since a small 
percentage of the eggs do cleave obliquely and at right angles to the 
axis of centrifuging. To examine this question a number of eggs were 
isolated in the two- and four-cell stage according to their cleavage pat- 
tern in relation to the axis of centrifuging. These eggs were centrifuged 
at 20,000 gravities for five minutes before they were fertilized. The 
results are tabulated in Table III. The number of embryos recorded 
is too small for statistical study, but it is quite clear that any one type 
of cleavage may produce trochophores with the oil in all common 
positions. It is concluded that in the centrifuged eggs the cleavage 
plane is not directly related to the bilateral axis of the embryo. 
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RESULTS CONCERNING DEVELOPMENT 


It has already been indicated that there is normal development in 
the majority of eggs centrifuged before fertilization. However, that 
is distinctly not the case in some of the experiments on eggs centrifuged 
after fertilization. The developmental history of various experiments is 
briefly indicated in Table IV as far as it was noted. Experiments Nos. 
15, 18, and 19 produced too few normal trochophores to be of value 
in making statistical counts of the positions of the oil in the embryos. 
Experiments Nos. 14 and 16 produced proportionately few normal em- 
bryos, but enough for statistical studies. In these experiments most 


TABLE III 


The position of the centripetal oil in relation to the bilateral axis of the trocho- 
phores is tabulated. The trochophores were reared from eggs isolated in the two- and 
four-cell stages according to their cleavage pattern in relation to the axis of strati- 
fication. 


Two-cell stage Four-cell stage 


First i 
cleavage ; 
Trochophores cleavage plane = events Oil in only Total 
parallel to| a tight |/"in'two of | , one of 
stratifi- - . four cells four cells 
stratifi- 


cation cation 


Oil ventral median 15 27 19 
Oil ventral oblique 14 27 19 
Oil lateral , 9 22 5 
Oil dorsal 0 1 2 


38 77 45 


eggs cleaved irregularly and stopped development before good morulae 
were formed. Experiments Nos. 12, 13, 17, and 20 produced normal 
trochophores from the majority of eggs. Unfortunately there are no 
data on the time of first polar body extrusion in Experiment No. 13, 
but centrifuging was probably shortly before its formation. 

In general the abnormal development of the eggs in some of the 
experiments, centrifuged after fertilization and before cleavage, seems 
to result from interference with the maturation and cleavage spindles 
as Morgan and Tyler (1935) have indicated. However, these authors 
got very little normal development in their experiments on eggs centri- 
fuged after fertilization. 
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TaABLe IV 


The data on eggs centrifuged after fertilization are tabulated as far as recorded, 
including the time of centrifuging in relation to the polar body formation and cleav- 
age, polar orientation observed to have been present by the position of the oil in the 
trochophores, and the general viability. 


y 


Cleavage and Development 


in Thousands of Gravities 


Germinal Vesicle Break- 
Formation 

Fertilization 

and Minutes 


Time after Fertilization of 
Formation 


Time of First Polar Bod 
| Time of Second Polar Body 
Centrifugal Force Applied 


| Experiment Number 
Time of Cleavage 


i | Time of Centrifuging after 


.| Normal development, no polar orientation 
since the oil is commonly found in both 
the anterior and post-trochal regions of 
the trochophores. 


— 
Ne 


Normal development, polar orientation 
since the oil is commonly found only in 
the post-trochal regions of the trocho- 
phores. 


Few normal trochophores developed, polar 
orientation. 


Delayed and irregular cleavage, second 
polar body suppressed, first cleavage 
often into three cells. Very few sur- 
vived normally. 


Few normal trochophores developed, polar 
orientation. 


Cleavage regular, normal development, 
polar orientation, a few exogastrulae. 


Delayed and irregular cleavage, very few 
survived normally. 


Delayed and irregular cleavage, very few 
survived normally, a few exogastrulae. 


Normal development, polar orientation. 
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RESULTS CONCERNING PoLAR ORIENTATION 


It was observed in the trochophores of eggs centrifuged after polar 
body extrusion that the centripetal oil was almost invariably found in 
the post-trochal region, in the gut extending not much further towards 
the animal pole than the prototroch. This suggested that there might 
be a polar orientation of the eggs in the centrifuge tubes, a question 
that has been examined in part by Morgan and Tyler (1935). using 
lower centrifugal forces. In the present case the position of the polar 
bodies were determined in eggs which were centrifuged at various times 


TABLE V 


The position of the polar bodies in eggs centrifuged at various times after 
fertilization is tabulated. The complete data on the eggs and development are in- 
cluded in Table IV under the same experiment numbers. The bracketed numbers 
express the total figures in terms of percentage for the particular experiment. 


Polar Bodies 
. Contnit oi Centrifugal 
ment EERE NS — Boundary| Centri- 
(Minutes aft Force . Oil C 
Number lPertization)| "|, | to qus- | Pau” | tohind | second | age 
Layers Layer 
11 Before fer- 20,000 21 23 — 18 — 38 
tilization 5 min. 
17 60 20,000 0 5 12 24 29 79 
5 min. (0) (3) (8) (16) (19) (53) 
18 70 20,000 4+ 48 33 62 52 75 
5 min. (1) (17) (12) (23) (19) (27) 
19 80 6,000 0 21 22 31 


8 6 
5 min. (0) (9) (7) | (24) (25) (35) 


20 82 50,000 0 24 29 63 49 35 
3 min. (0) (12) (15) | (32) (25) (18) 


after polar body extrusion. The number of eggs found with the polar 
bodies in these various positions is tabulated in Table V. Also a con- 
trol experiment is included in which the eggs were centrifuged before 
fertilization. 

For accuracy of counting only those eggs with polar bodies on or 
near the periphery as it appeared in the field under the microscope were 
counted. Temporary glycerine preparations were made and the whole 
slide scanned by means of a mechanical stage. Six groupings were 
made of the fertilized eggs, dividing the circumference of the egg into 
about five equal arcs and the slightly larger oil cap region. 
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In the group centrifuged before fertilization 44 per cent of the re- 
corded eggs had the polar bodies above the equator in the centripetal 
end, and 56 per cent showed the polar bodies below the equator towards 
the centrifugal end. This shows little or no orientation of the pole in 
centrifuged unfertilized eggs and is in agreement with the results of 
Morgan and Tyler (1935) and Taylor (1931). 

The four experiments in which eggs were centrifuged at various 
times after polar body extrusion all gave evidence of polar orientation 
on the centrifuge. This orientation seems to be rather variable at dif- 
ferent times of centrifuging. Thus, in Experiment No. 17, centrifuged 
five minutes after the second polar body extrusion, only 3 per cent were 
found with the polar bodies above the equator, or 11 per cent including 
the equator, and 88 per cent had the polar bodies in the centrifugal 
hemisphere. On the other hand, ten minutes later (Experiment No. 


TABLE VI 


The position of the oil in relation to the polar axis in trochophores reared from 
eggs centrifuged before fertilization at various forces is tabulated and the results 
expressed in terms of percentage. 


A . . ‘ Oil Ectodermal in Oil Endodermal in 
Experiment Force in Time in 5 : 
a ; Animal Hemisphere the Gut from the 
Gravities Minutes Anterior to Prototroch | Vegetative Hemisphere 


6,000 48 
50,000 56 
75,000 49 

153 


Percentage of total 51 


18) 30 per cent had the polar bodies on or above the equator. Ex- 
periment No. 19, 10 minutes later, showed only 16 per cent with the 
polar bodies on or above the equator. Two minutes later, Experiment 
No. 20, 28 per cent were found with the polar bodies on or above the 
equator. A peculiar result of the last experiment is that practically no 
eggs had the polar bodies at the extreme centrifugal end, but the 18 
per cent recorded from the centrifugal third and fourth layers in gen- 
eral had the polar bodies near the junction of the second layer. 

The position of the centripetal oil in relation to the antero-posterior 
axis of the trochophores is given in Table VI in which different cen- 
trifugal forces were used on unfertilized eggs. The oil was found in 
regions derived from the animal hemisphere in 49 per cent of the re- 
corded embryos, and in the vegetative post-trochal regions in 51 per 
cent. The centrifugal force used made no significant difference. This 
result is in harmony with the result obtained counting the positions of 





EGG OF URECHIS 419 


polar bodies in eggs centrifuged before fertilization and in such eggs 
there is no indication of polar orientation in the centrifuge tubes. 

Rough observations were made on the position of the oil in the 
trochophores from eggs centrifuged after fertilization. In Experiments 
Nos. 17 and 20, in which polar body counts had demonstrated that there 
was an orientation in the centrifuge tubes, the oil in the trochophores 
was most commonly found in the post-trochal region and rarely at the 
anterior end. In Experiments Nos. 13 and 14, centrifuged just before 
and just after the first polar body extrusion, trochophores were found 
to have the oil in general in the post-trochal region, indicating that 
these eggs also oriented in the centrifuge tubes. On the other hand, 
Experiment No. 12, centrifuged at the time of the breakdown of the 
germinal vesicle, indicated no polar orientation as the oil in the trocho- 
phores was found commonly in all regions of the embryo. 

The general conclusions to be drawn from these results are that the 
eggs of Urechis do not orient in the centrifuge tubes before fertilization 
or following fertilization until after the breakdown of the germinal 
vesicle. Before the first polar body extrusion and until cleavage there 
is a greater or lesser tendency for the eggs to orient, in general with 
the pole near the centrifugal end. 

Morgan and Tyler (1935) find no polar orientation in unfertilized 
eggs. In fertilized eggs centrifuged after the germinal vesicle break- 
down and before the first polar body extrusion they find a decided tend- 
ency for the polar bodies to be extruded near the centrifugal end. 
They point out that this may mean a shifting of the pole rather than 
orientation. In three experiments centrifuging eggs after the first polar 
body extrusion, and one after the second polar body extrusion (data 
combined in their Fig. 3), they found a random distribution of the 
polar bodies, with no indication of orientation in the centrifuge tubes. 
Their method was that of centrifuging eggs in sea water in an electric 
centrifuge developing about 2,000 gravities. The packing effect of the 
eggs in the bottom of the tubes may have prevented a free rotation of 
the eggs, or the discrepancy between their results and mine may be 
due to some other more subtle reason. It is possible that at certain 
miotic stages there is no tendency for the eggs to orient. 

These authors have also shown that in eggs centrifuged before the 
second polar body extrusion the second polar spindle may be driven far 
from the pole. In my Experiment No. 15, centrifuged five minutes 
after the first polar body extrusion, second polar body formation was 
suppressed, and the first cleavage was in general into three cells, as 
might be expected (Tyler and Bauer, 1937) if the spindle was driven 
into the interior of the egg. 
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CONCLUSIONS 


The results of centrifuging unfertilized and fertilized eggs are es- 
sentially the same in regard to the position of the plane of bilateral 
symmetry in relation to the stratification. Further, there is no signifi- 
cant difference between experiments in which widely different centrifugal 
forces were used, or in which the eggs were centrifuged at widely dif- 
ferent times after fertilization. 

In 75 per cent of the total number of trochophores recorded the 
centripetal oil was found in the ventral or ventral oblique position. In 
slightly more than 20 per cent it was in a lateral position, and in less 
than 5 per cent it was found in the dorsal or dorsal oblique position. 
There can be no doubt, I think, but that the centrifuging induces or in- 
fluences the bilateral or dorso-ventral axis in the egg. This induction 
is probably by the establishment of material gradients, substances con- 
centrated in a fairly wide stratification layer at the centripetal end which 
influence the direction of gastrulation and determine the ventral side. 

In the early work in centrifuging spirally cleaving eggs (Boveri, 
1910; Conklin, 1910 and 1916; Hogue, 1910; Lillie, 1909a and b; Mor- 
gan, 1910; von Parseval, 1922; Schleip, 1914; Spooner, 1911; Tyler, 
1930; Whitney, 1909; and Wilson, 1929 and 1930) embryos were ob- 
tained in some cases with the centripetal oil in any position. However, 
no counts were made to determine the relative numbers with the oil in 
the different regions, and the centrifugal forces used may well have 
been too small to have had any effect upon the determination of the 
bilateral axis. Morgan (1910), who has given the most data on this 
point for the egg of Cumingia, used a hand-turned centrifuge that de- 
veloped a force of about 800 gravities. Conklin (1910) studied the 
effects of centrifugal forces of 600 gravities on various freshwater 
pulmonate eggs (Physa and Lymnea) and reported no influence on the 
bilateral determination. The development of the mosaic eggs of as- 
cidians following low speed centrifuging has been studied with great 
care by Conklin (1931). He has found no evidence that the bilateral 
axis as a whole is in any way shifted by the forces used although dif- 
ferent “ organ-forming ” substances have been displaced causing ab- 
normal development. 

The echinoderm egg, on the other hand, through the work of Runn- 
strém (1926) and Lindahl (1932), has been shown to develop with 
the bilateral axis of the pluteus definitely related to the stratification of 
the egg. My results (in press) of an analysis of Dendraster embryos 
developing from ultracentrifuged eggs have indicated that a predisposed 
dorso-ventral axis is shifted by the centrifugal forces. This analysis 
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is based upon the fact that the amount of axial rotation induced by the 
centrifugal force is proportional to the force applied and is at best 
only a partial effect—the greater the force applied, the greater the per- 
centage of plutei with the centripetal end in the median ventral plane, 
and the smaller the percentage with the centripetal end lateral. It was 
concluded that two factors must be involved in the bilateral determina- 
tion, one factor present in the egg as a gradient and unshifted by the 
centrifugal force, and the other, probably diffusely distributed in the 
endoplasm, which is stratified towards the centripetal end to a greater 
or lesser extent with different forces. The plane of symmetry is then 
determined at the region of the greatest interactivity btween these two 
factors. 

These results are in striking contrast with those obtained for Urechis 
eggs in which no significant difference was obtained in the relative per- 
centages of the various described types when widely different centrifugal 
forces were used. It is therefore impossible to apply the type of analy- 
sis to these Urechis experiments that I have applied to Dendraster. 

Because the Urechis experiments have given less pertinent data than 
the Dendraster experiments, at this time it seems inadvisable and im- 
possible to attempt analysis of the factors involved in the dorso-ventral 
determination. There are, however, certain things that may be said. 

In normal development Tyler (1931) and Tayler (1931) have shown 
that the sperm entrance point in general coincides with the first cleavage 
in Urechis. Assuming development as in Thalassema (Torrey, 1903) 
the first cleavage may very well then be related to the bilateral axis in 
normal development. However, Hérstadius (1937) has shown that in 
Cerebratulus the first cleavage may bear any relation to the bilateral 
axis. I have attempted to test this point in Urechis by vitally staining 
one blastomere but so far all the vital stains I have used have proved 
toxic. 

Tyler (1931) has shown that normal trochophores may be obtained 
from artificially activated eggs of Urechis. In these experiments the 
sperm entrance point can play no part in the bilateral determination. 
In the centrifuged eggs I have already pointed out that in the majority 
the first cleavage cannot pass through the sperm entrance point. Nor 
can the sperm entrance point directly establish in these eggs the bilateral 
symmetry since it is random but the bilateral axis is related to the axis 
of centrifuging. Isolation experiments, rearing separately various 
cleavage types in relation to the axis of centrifuging, show that the 
first cleavage in these eggs is also unrelated to the determination of the 
dorso-ventral axis. 
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Ho6rstadius (1937), following the work of Yatsu (1910), has been 
unable to show any indication that the two- or four-cell stage of Cere- 
bratulus possesses a bilateral predisposition. He studied the develop- 
ment of isolated half- and quarter-blastomeres and attempted unsuccess- 
fully to apply the type of analysis that Hérstadius and Wolsky (1936) 
were able to use to demonstrate the presence of a bilateral predisposition 
in the early cleavage stages of Paracentrotus. His conclusions are that 
in Cerebratulus no apparent bilateral determination exists in the early 
cleavage stages. 

Lillie (1909) and Wilson (1929 and 1930) have studied the devel- 
opment of partial eggs of Chaetopterus fragmented by centrifugal force. 
The first cleavage is found to be unequal and Wilson finds that in gen- 
eral it is at right angles to the stratification. Lillie concludes from the 
fact that the early cleavages closely resemble the normal that the bi- 
lateral axis in the uncleaved egg is present in the “ ground substance ”’ 
and is undisturbed by the fragmenting except in so far as an epigenetic 
adjustment is made regulating the size of the blastomeres to approxi- 
mate the normal proportions. From such fragments Wilson has ob- 
tained quite normal dwarf larvae. He also has observed that the cleav- 
age is dextriotropic as normal. However, since these eggs orient in the 
centrifuge tubes so that the polar axis comes to coincide with the axis of 
centrifuging, Lillie’s conclusion that the bilateral axis is fixed in the egg 
and undisturbed by the centrifugal force seems quite unwarranted. The 
effect of centrifugal force on the bilateral determination of these eggs 
can only be studied if the eggs are held so that the polar axis is more or 
less at right angles to the axis of centrifuging. 

It is not yet possible to say definitely that there is no bilateral pre- 
disposition in the unfertilized or fertilized egg of Urechis. These ex- 
periments show only that in centrifuged eggs the bilateral axis is unre- 
lated directly to the sperm entrance point and the first cleavage plane, 
but is definitely influenced by the axis of stratification. It is quite clear 
from cell lineage studies that in spirally cleaving eggs the location of the 
ventral side is given by the position of the 4d-cell and its derivatives. It 
seems most likely to suppose that the centrifuging induces a material 
gradient in the uncleaved egg that later functions to fix the properties of 
the D-cell at or near the centripetal end of the egg if the axis of centri- 
fuging makes a considerable angle with the polar axis. It seems best to 
regard this bilateral determination as induced in the egg and not as a 
rotation or shift of a bilateral axis or predisposition already present in 
the egg, although such may be present in a weakly defined form. 

The experiments of Horstadius (1937) and Wilson (1929) have 
been particularly significant in showing that egg fragments of spirally 
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cleaving eggs may produce dwarf larvae that seem otherwise normal. 
Such development cannot be called strictly “ mosaic.” In these experi- 
ments the dorso-ventral axis has been determined by a stratification of 
material substances in the Urechis egg. Such a modification of the 
normal growth pattern is also not in harmony with a strictly determinate 
theory of development. Bilateral determination in this egg must be re- 
garded as indeterminant or at least quite labile. 


SUMMARY 


1. The eggs of Urechis caupo were ultracentrifuged for short periods 
with forces ranging from 6,000 to 75,000 gravities before fertilization 
and following fertilization at various times before cleavage. 

2. In the trochophores 75 per cent of the total recorded embryos had 
the centripetal oil in the ventral median or oblique position, in slightly 
more than 20 per cent it was found laterally, and in less than 5 per cent 
dorsally. 

3. The data are essentially the same for unfertilized eggs and all 
eggs centrifuged at various times following fertilization and before 
cleavage, and irrespective of the force applied. 

4. From these data it is concluded that the bilateral axis of the 
embryo is induced or influenced by the stratification of material sub- 
stances in the egg. In centrifuged eggs it is unrelated to either the 
sperm entrance point or the first cleavage plane. 

5. There is no polar orientation in the centrifuge tubes before ferti- 
lization or following fertilization until the germinal vesicle breakdown. 
But following the germinal vesicle breakdown the eggs tend to orient in 
the centrifuge tubes so that the pole comes to lie most commonly near 
the centrifugal end. 

6. Normal trochophores are produced from eggs centrifuged before 
fertilization and at certain times following fertilization, but during some 
miotic and mitotic stages centrifuging suppresses polar body formation 
and disturbs the cleavage spindles so that few normal embryos are pro- 
duced. 
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DEVELOPMENT OF EYE COLORS IN DROSOPHILA: 
NATURE OF THE DIFFUSIBLE SUBSTANCES; 
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PRODUCTION 
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(From the Institut de Biologie physico-chimique, Paris) 


In the course of our investigation of the chemical nature of the 
v* and cn* substances of Drosophila melanogaster* some phenotypic 
effects of the culture media have been discovered, which will be de- 
scribed in this paper. These phenotypic effects resemble those of the 
v* hormone and undoubtedly are related to its formation in a way which 
remains to be determined. Therefore we shall begin with an account 
of the present status of our chemical work ? and then report three kinds 
of phenotypic effects, namely those produced by starvation, by yeast 
and by peptones. The obvious question of the causal relations of the 
mechanisms involved will be considered in the discussion. 


METHODS 


In our previous work on the chemical nature of the v7 and cn* sub- 
stances,” tests for the presence of these substances in a given extract 
were made by means of injections into animals sensitive to the corre- 
sponding substance. In the experiments reported here we used for the 
first time the feeding technique of Beadle and Law (1938). 

Beadle and Law have demonstrated that the substances involved in 
the pigment formation of the wild type fly can be efficiently supplied to 
sensitive hosts by feeding. If vermilion brown (v bw) and cinnabar 
brown (cn bw) larvae are fed on cooked wild type pupae, the flies which 
develop show a brown (bw) phenotype, or a phenotype intermediate 

1y* substance: a substance capable of changing the development of a ver- 
milion (v) eye in such a way that it forms pigment phenotypically like that of a 
wild type eye. 

cn* substance: a substance capable of changing the development of a cinnabar 
(cn) eye in such a way that it forms pigment phenotypically like that of a wild 
type eye. 

The hormonal nature of these substances leaving no doubt, we will call them 
in the text either the v* and cn* substances or hormones. 

2 Earlier accounts in: Khouvine, Ephrussi and Harnly (1936); and in Khou- 
vine and Ephrussi (1937). 
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between that of bw and v bw (or cn bw) flies. The intensity of the 
effect depends on the age of the larvae at the time of the transfer: ac- 
cording to Beadle and Law, the best results are obtained when larvae of 
60 to 85 hours after egg-laying are transferred to the food containing 
the active substances. 

On repeating these experiments with Calliphora extracts (l.c.), 
known to contain the 7 and cn* substances, we have found that liquid 
extracts added to an agar solution can be tested in a similar way. 

The technique used in our feeding experiments is as follows: 1 cc. 
of the extract or solution to be tested is mixed with 2 cc. of an agar 
solution. The warm mixture is poured into a cotton-stoppered shell 
vial, inclined at about 15° until the gelification of the medium. Unless 
otherwise stated, approximately thirty larvae were grown in each vial. 
All the experiments were performed at 25° C. 

As test animals we used either apricot vermilion (w* v) and apricot 
cinnabar (w* cn), or v bw and cn bw larvae. In standard experiments 
the age of these at the time of the experiment was from 66 to 90 hours 
(after egg-laying). More accurate timing was made only in some 
special cases, to be mentioned separately. 

Our agar solution is a 3 per cent solution in Ringer’s. In some of 
our experiments 5 per cent glucose was added to the agar solution to 
promote the growth of the yeast carried by the larvae. 

Our standard culture medium is prepared according to the following 
formula: cornmeal 13 grams; brown sugar 16 grams; agar 2 grams; 
water 100 cc. 

It will be seen that in some cases it was desirable to compare the 
results of the feeding experiments with those of injection. The tech- 
nique of injection used was the same as previously described (Ephrussi 
and Beadle, 1936). 

In our tables we have adopted for the description of the observed 
effects on v bw and cn bw flies a numerical scale essentially similar to 
that of Thimann and Beadle (1937). We call flies with no effect—0, 
and the phenotype identical with bw—5. One, 2, 3, 4—indicate inter- 
mediate grades of eye color modified in the direction of bw. In the 
tables the average effect (arithmetic mean) is given. 


EXTRACTION AND PURIFICATION OF THE U* AND cn* SUBSTANCES 
We will consider separately the extraction of the v7 and cn* sub- 
stances and their purification. 


® Unless otherwise stated, eggs were collected over approximately 24-hour 
periods. Slight deviations from the ages here mentioned are therefore possible. 
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Extraction 


It has been shown (Ephrussi and Harnly, 1936; Beadle, Anderson 
and Maxwell, 1938; Becker and Plagge, 1937) that these substances 
have a wide distribution among insects and can be extracted, for ex- 
ample, from Calliphora erythrocephala larvae and pupae, which can be 
easily obtained in Paris. Consequently we have been able to experi- 
ment on a rather large scale. 

In our earlier work we have used only the pupae and more recently 
both pupae and larvae. From the latter we have obtained extracts as 
active as the pupal extracts, although they differ somewhat in total 
composition. 

To avoid the harmful action of oxydizing enzymes on the v and cn* 
substances (referred to by Thimann and Beadle, 1937) we have used 
organic solvents. In our extractions we have used either of two meth- 
ods, one of which gives a larger product and the other a more active 
product and fewer impurities although the amount of extract is con- 
siderably smaller. 

Alcohol-ether Extract——The pupae are dipped twice in liquid air 
for several minutes at a time. These are allowed to come to room 
temperature and are placed in a press. The resulting juice is shaken 
with twice its weight of a 1:1 alcohol 96 per cent-ether mixture. The 
supernatant liquid is decanted and the residue is pressed again. This 
residue with twice its weight of 85 per cent alcohol is then placed in a 
flask connected with a reflux condenser and subjected to boiling in a 
hot water bath for 20 minutes. 

The liquid of the first extraction separates into two layers. The 
alcohol, which is the lower layer, is withdrawn and added to the second 
extract. The whole solution is distilled in vacuum. The remaining 
residue is dried with absolute alcohol and extracted with benzene. It 
is this residue which constitutes the mitrogenous extract and will be 
referred to later as such. 

By the above method 20 grams of nitrogenous extract can be pro- 
cured from 1 kilogram of pupae. This extract is highly active in 10 
per cent solutions when used in the feeding test as described above, or 
in 1 per cent solutions when injected into the body cavity of larvae. 

Carbitol Extract——In this method the extraction was usually carried 
out on a mixture of pupae and larvae. The animals are crushed and 
dipped in three times their weight of acetone. The acetone is decanted 
and the residue is carefully pressed. This is crushed again and dipped 
in enough carbitol to cover it. It is then incubated at 29° for 18 hours, 
decanted and pressed. The resulting’ solution is yellowish brown. To 
this solution an equal volume of chloroform is added. If the liquid 
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does not separate into two layers, a little water is added (however, the 
latter is usually unnecessary). The chloroform-carbitol layer is with- 
drawn and washed two or three times with water. The aqueous solu- 
tions, which still contain a little carbitol, are combined and distilled in a 
vacuum. The active substances are precipitated out of the remaining 
solution by means of ether or acetone. 

In this manner we obtain what we shall name the carbitol extract. 
Six kilograms of larvae produce about 20 grams of this extract. In 
0.5 per cent solutions it produces very strong effects on v bw flies 
(feeding test) and much weaker effects on cn bw flies. It seems that 
the carbitol extracts v* substance more nearly completely than it does 
cn* substance. 


Purification of the Extracts 


Purification of the Nitrogenous Extract.—A solution of nitrogenous 
extract is first precipitated by means of basic lead acetate; the precipi- 
tate is removed and H,S is passed through the solution (which contains 
most of the substances) to remove the excess lead. The liquid is acidi- 
fied with H,SO, and an excess of a phosphotungstic acid solution is 
added. The solution is filtered and it has been found that the phospho- 
tungstic filtrate does not contain the v* and cn* substances. The pre- 
cipitate is treated with baryta and the baryta solution is found to 
contain these substances. By fractionating this solution with AgNO, 
first in acid, then in alkaline medium, the active substances are carried 
with the purines, the histidine, and even with the arginine. 

Attempts to purify further by means of flavianic acid, picric acid, 
and picrolonic acid were unsuccessful, because neither the precipitate 
nor the filtrate were active. Apparently, the latter reagents act on the 
substances at this stage in a destructive manner. Reinecke salt pre- 
cipitates have also been found inactive. 

The substances extracted from the phosphotungstic precipitate pro- 
duce weak but definite effects in a 1 per cent solution. Thus by means 
of this purification the activity was increased tenfold, although a large 
quantity of the substance was lost in the manipulation. 

Purification of the Carbitol Extract—The above-mentioned ether 
precipitate is dissolved in water acidified with H,SO,. To this, phos- 
photungstic acid is added until no further precipitate is formed. This 
is placed in the refrigerator for several hours. The precipitate is then 
dissolved in baryta, in which the active substances are soluble. This 
solution is neutralized by mearis of CO, and distilled in a vacuum. The 
dry residue obtained is reddish brown and is definitely active in 0.25 
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per cent solutions. Here again, further attempts to purify by means 
of picrolonic acid or the Reinecke salt have been unsuccessful. 

It follows, therefore, from the above data that the v* and cn* sub- 
stances are neither enzymes nor proteids. Furthermore, they are not 
polysaccharides, since the products of their hydrolysis do not reduce 
Fehling’s solution. They seem to belong to the group of amino bases, 
since they are precipitated by phosphotungstic acid. The above conclu- 
sions are in full agreement with those of Thimann and Beadle (1937), 
and Tatum and Beadle (in press). 


CONCENTRATION OF EXTRACTS AND INTENSITY OF EFFECTS 


Beadle (1937) has shown that wild type Malpighian tubes produce 
and release the 7 and cn* substances. The implantation of one, two, 
three or four wild type Malpighian tubes into v bw and cn bw hosts has 
shown that the effects produced are, roughly speaking, proportional to 
the amount of implants. 

The feeding technique offers the possibility of testing such relations 
in a different way. Table I gives the results of an experiment in which 


TABLE I 
Relation between concentration of extract and intensity of effect 


ov bw cn bw 
Concentration 
of extract Number of | Number of Intensity Number of | Number of Intensity 
modified of hatched modified of 


hatched 
flies flies flies flies effect 


0 0 
3 2.0 
22 3.3 
23 4.0 
il 5.0 
16 5.0 
8 5.0 


v bw and cn bw larvae have been fed on various concentrations of Cal- 
liphora nitrogenous extract. The medium used consisted of 2 cc. agar 
+ lcc. of extract of which the concentration is given in the first column 
of the table. 

It may be seen that, at low concentrations (0.1-12.5 per cent) the 
effect increases with the concentration of the extract. At 12.5 per cent 
the maximum effect (5 bw) is obtained. This maximum is ob- 
viously reached by the v bw and cn bw flies at similar concentrations. 
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It should be noticed also that, except in the lowest concentration, effects 
are produced in 100 per cent of the flies. 

The lowest concentration producing a detectable effect seems to be 
lower for v bw than for cn bw flies. Table II gives the results of a 


Taste II 
Relation between concentration of extract and intensity of effect on v bw and cn bw 


v bw cn bw 


Concentration 
of extract 


Number of flies | Intensity of effect | Number of flies | Intensity of effect 


0.05 

0.1 ‘ 14 
0.25 ‘ 15 
0.5 : 19 
1.0 2 17 


more detailed experiment on the action of low concentrations, which 
corroborates this conclusion. 

Experiments similar to the above have been made with agar con- 
taining glucose as well as with agar containing no glucose and with 
larvae carefully washed to remove the adherent yeast. The experi- 
ments gave essentially similar results. On the other hand, strong ef- 
fects can be produced by adding the nitrogenous extract to the standard 
cornmeal medium. 


EFFECT OF STARVATION 


In testing the effects of some chemicals by the feeding method, it 
was found that some of the control animals, grown on the agar glucose 
mixture, showed a slight effect similar to that of the v* hormone. For 
example, in one experiment, thirty w* v larvae were removed from the 
standard culture medium 72-96 hours after egg-laying and placed in a 
vial containing 2 cc. of a 3 per cent agar solution in Ringer’s containing 
0.5 per cent glucose. Out of 15 flies hatched in this vial, 12 hatched 
on the 6th day; the phenotype of these flies was normal, but the size of 
half of them was clearly snraller than that of the controls. Three flies 
hatched on the next day: one of these, although small, was normal again, 
and two showed an eye color clearly modified in the direction of the « 
phenotype ; their size was again below the average of the control animals. 

The experiment was repeated with w* v, u* cn, v bw and cn bw 
larvae and gave essentially similar results for the vermilion flies, while 
no effect whatsoever was observed on the cn flies. The experiment, 
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later repeated on a large scale, confirmed this difference between ver- 
milion and cinnabar flies. 

The question was raised as to what part the agar or the glucose 
played in the production of the observed effects. Two kinds of ex- 
periments were performed: v bw larvae were grown either (1) on 
glucose-free agar, or (2) on cotton moistened with Ringer’s containing 
3 per cent glucose. The two experiments gave similar results: still 
smaller percentages of flies reached the age of hatching and among 
these a small number showed a modified eye color. 

Special attention is drawn to the fact that only a relatively small 
percentage of animals showed the modification of eye color and that 
the flies hatched first, never showed this modification. This at once 
suggested that the time at which the larvae are removed from the 
normal food is of importance for the outcome of the experiment. This 
view was confirmed by experiments in which younger larvae were trans- 
ferred to the agar medium. For instance, in one experiment, v bw 
larvae collected on two consecutive days were used. The age of the 
larvae of the first batch, at the time of the experiment, varied between 
48 and 72 hours, that of the second batch between 72 and 96 hours 
(after egg-laying). The results of this experiment are given in Table 
III. As seen from the table, this experiment has shown a higher 


Tasce III 
Relation between age of larvae and frequency of starvation effect 


Number of Total of v bw Modified 
e used | hatched flies| phenotype phenotype 


Young larvae 
Old larvae 


percentage of modified flies when younger larvae were treated; but the 
total number of flies was not modified. This suggested that the age of 
the larvae was not the only factor involved. 

At the time these results were obtained, it was learned that Dr. 
Beadle and his co-workers were concerned with a general study of the 
effects of starvation on the development of Drosophila. Our data, which 
needed further and more precise elaboration, were therefore communi- 
cated to Dr. Beadle. The paper immediately following this summarizes 
the experiments made by Beadle, Tatum and Clancy. 

From the above results we conclude that undoubtedly the effects 
observed are due to starvation. The influence of the age of the larvae 
on the frequency of the effect, the variability of the size of the flies, 





432 KHOUVINE, EPHRUSSI AND CHEVAIS 


the absence of any definite constituent of the medium to which the 
effect could be attributed—all point to this interpretation. 


EFFecTt OF YEAST 


In the course of our chemical work, when using the feeding tech- 
nique, we sometimes met with the following difficulty. The fractions 
to be tested, mixed with agar, were often not nutritive enough to cover 
the developmental needs of the larvae. To overcome this difficulty, we 
tried to add to our media small amounts of dry yeast. Some experi- 
ments of this kind brought up an unexpected result: v bw flies developed 
with a strongly modified phenotype (modification of the eye color in 
the direction of the bw phenotype), under conditions where the effect 
could be ascribed only to the dry yeast. 

Experiments performed for the purpose of ascertaining the nature 
of this relation failed at first or gave irregular results, indicating the 
operation of an unknown factor. Experiments have been devised then 
to test the possible influence of the concentration of the dry yeast. The 
results of these have explained the reasons for the previous incon- 
sistency by showing that the effect, after reaching a maximum at a 
certain (relatively low) concentration, very rapidly decreases and falls 


TasLe IV 
Effect of different concentrations of dry yeast on v bw and cn bw 


v bw cn bw 


Number of Number of Intensity 
hatched modified of 


mg. 
10 
15 
30 
60 
125 
250 


to zero. Table IV gives the results of one of the experiments of this 
type (medium: 4 cc. agar + the indicated weight of powdered dry 
yeast). It can be seen, moreover, that while strong effects are produced 
on the eye color of v bw flies, cn bw show no modification whatsoever. 

Table V gives the results of two parallel experiments on v bw flies, 
in one of which the indicated amount of dry yeast was added to 4 cc. 
of the agar-glucose mixture and, in the other, to 4 cc. of glucose-free 
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agar. In the latter case the larvae, before being placed on the medium, 
have been carefully washed in alcohol and Ringer’s to remove the 
adherent yeast. 

It is seen that the effects are weaker in the presence of glucose. We 
shall return later to the question as to whether this inhibition is due to 
the glucose contained in the medium or to the growing yeast. In addi- 
tion to the foregoing, experiments have been made with a nitrogenous 
extract of dry yeast, prepared in a manner similar to that of the nitrog- 
enous extracts of Calliphora. Among these we will quote only one 
experiment, in which v bw larvae were grown on 2 cc. of agar (with or 
without glucose) + 1 cc. of extract of the concentration indicated in 
Table VI. Moreover, two vials of each of the media were prepared: 


TABLE V 


Action of glucose on the intensity of the effect of dry yeast 


With glucose Without glucose 


Number of | Number of Intensity Number of | Number of Intensity 
hatched modified ° hatched modified f 


in one of them carefully washed larvae were placed, and into the other 
the larvae were transferred directly from the standard cornmeal medium 
(Table VI). 

We find here again that the effect increases with the concentration 
up to a maximum (at 2.5-5.0 per cent in this experiment) and then 
decreases and disappears completely; and that the effect is almost en- 
tirely suppressed in the two sets of vials containing glucose, while there 
is no difference between the two sets of vials containing glucose-free 
agar (washed and not-washed larvae). It therefore seems probable that 
the inhibition of the effect in the agar-glucose mixture is due to the 
glucose and not the growing yeast cells. 

Experiments consisting of feeding cn bw larvae on different con- 
centrations of dry yeast gave consistently negative results. 


: 
| 
| 
| 


SAR ai 
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Taste VI 


Effect of nitrogenous extract of dry yeast on v bw in glucose-containing and 
glucose-free agar 


Without glucose With glucose 


Concentration 
of 
extract 


Table VII summarizes the results of injection of dry yeast nitrog- 
enous extract (dissolved in Ringer’s) into v bw larvae. No modi- 
fication of the eye color has been observed. 


Since growing yeast cells are the normal food of Drosophila, the 
question was raised whether the “ activity” of the dry yeast depends on 


Tasie VII 


Injections of nitrogenous extract of dry yeast 


Concentration 
of extract Number of flies 


(per cent) 


its method of preparation. Two attempts to answer this question have 
been made. 

A nitrogenous extract of fresh yeast has been prepared. Fed to 
v bw larvae this extract has shown a fair activity (2.3) with a maximum 
at 2.5 per cent and a decrease above this concentration. 

On the other hand, fresh yeast has been killed by freezing it twice 
in liquid air and melting at 38° C. Mixed with agar this yeast pro- 
duced very clear effects (3.0) and also with a characteristic maximum 
at the concentration of 1 drop per 2 cc. agar. 
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From the last two experiments it cannot be concluded whether or not 
the living yeast cells have the same properties as the dry yeast or yeast 
cells killed by freezing. The question as to why the growing yeast 
does not produce any effect on v flies under the normal culture condi- 
tions cannot be answered at present. We will only mention several 
possible explanations: the effects described here might be produced by 
a property due to the preparation methods (killing, drying, extraction). 
On the other hand, it is possible that no effects are usually produced 
because the larvae ingest too high a dose of yeast. And finally the 
absence of effect might be due to the high sugar content of the standard 
culture media. 


EFFECT OF PEPTONES 


An experiment in which thirty v bw and thirty cn bw larvae have 
been raised on a mixture of 2 cc. of the agar-glucose solution + 1 cc. 
of a 10 per cent solution of peptone (Chapoteaut), has shown that this 
peptone produces an effect similar to that of the v* hormone. Out of 
21 v bw flies hatched, 17 showed rather weak, but definite effects (aver- 
age value— 1.8). The 23 hatched cn bw flies did not show any modi- 
fication of the eye color. 

The experiment was repeated with various concentrations of peptone, 
the results of which are shown in Table VIII. It can be seen that, like 


Taste VIII 


Effect of various concentrations of peptone on v bw 


Concentration 
of peptone Number of flies Intensity of effect 


(per cent) 


0 
0 
0.1 
1.4 

6 


yeast, the peptone produces an effect increasing with the concentration. 

In the experiment given in Table IX higher concentrations of pep- 
tone have been tested. The data show that, after having reached a 
maximum (at 10 per cent in this experiment) the effect decreases again : 
here it falls to 0 at 50 per cent, i.e. the decrease is much slower than 
for the yeast extract. 
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TABLE IX 


Relation between concentration of peptone and intensity of effect on v bw 


Concentration Number of flies Number of modified Intensity of 
of peptone hatched flies effect 


per cent 
1 
5 
10 
20 
30 


40 
50 


Table X gives the results of another experiment, in which 1 cc. of 
a 10 per cent or 20 per cent peptone solution was added either to the 
glucose agar mixture or to the standard cornmeal medium (test larvae 


TABLE X 


Comparison of the effects of peptone in agar and in cornmeal media 


In agar In cornmeal 


Concentration 
of peptone 


Number of flies | Intensity of effect | Number of flies Intensity of effect 


10 
20 


—wv bw). It is seen that the effect of peptone is suppressed in the 
cornmeal medium. 

Table XI gives the results of the comparison between three different 
peptones and proteoses (1 cc. of a 10 per cent solution -+ 2 cc. of 
glucose-agar; test animals—v bw). It appears that Witte peptone, 


TABLE XI 


Effects of various peptones and proteoses on v bw 


Substance Number of flies Intensity of effect 
Witte peptone 10% 2.3 
Gelatin peptone 10% 
Fibrin peptone 10% 2. 
Proteoses 10% 1. 
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fibrin peptone and proteoses produce clear effects, while gelatin peptone 
does not. 

It is known that gelatin peptone differs from the other peptones 
tested by the lack of tyrosine and tryptophane. We tested therefore on 
v bw larvae the action of these two substances alone or in combination 
with gelatin peptone (Table XII). The data clearly show that the 


Taste XII 
Complementary effect of tryptophane 


Number of Number of Intensity 
tched modified of 
flies i effect 


Tyrosine 1% 11 
Tryptophane 1% 12 
Tyrosine 1%-+tryptophane 1% 10 
Gelatin peptone 10% 25 
Gelatin peptone 10%-+tyrosine 1% 25 
Gelatin peptone 10%-+tryptophane 1%... 18 
Gelatin peptone 10%-+tyrosine 1%-+tryp- 

tophane 1% 21 


mixture gelatin peptone-tryptophane produces a considerable effect. 
The tryptophane itself does not modify the eye color: out of 12 flies 
hatched in this vial only one showed an effect which we attribute to 
starvation. 

In addition to the above experiments, injections of the active mix- 
tures into v bw larvae have been made. Thirty larvae were injected 
with a 2 per cent solution of Chapoteaut peptone; out of these four flies 
hatched showing no modification of eye color. Again thirty larvae 
were injected with a 1 per cent gelatin peptone + 0.5 per cent trypto- 
phane mixture, out of which the eight hatched flies showed no modifica- 
tion of the eye color. 


MIxTURES OF EXTRACTS 


For the comparison of the different effects studied it was of interest 
to see whether the “ inhibiting ” effect of the high concentrations of dry 
yeast extract will suppress the effects of active concentrations of Cal- 
liphora extracts or of the peptone. The results of two such experiments 
with v bw larvae are given in Table XIII. It is clear that the yeast 
extract has not modified the effect of a 5 per cent Calliphora extract, 
while it has completely suppressed the effect of 10 per cent peptone. 
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TABLE XIII 


Effect of addition of dry yeast extract to Calliphora extract and to peptone 
Number of flies Intensity of effect 


Dry yeast extract 25% 0 
Calliphora extract 5% 3.0 
{Dry yeast extract 25% 3.0 
\ Calliphora extract 5% 

Peptone (Chapoteaut) 10% 1.5 
{Dry yeast extract 10% 0 
\Peptone (Chapoteaut) 10% 


TiME RELATIONS IN THE EFFECTS STUDIED 


In describing the feeding technique we have mentioned that, accord- 
ing to Beadle and Law, the effect produced on v bw and cn bw by feed- 
ing them on crushed wild type pupae depends on the age of the larvae 
at which this feeding is begun. Curve A in Fig. 1 gives the results of 
Beadle and Law for v bw larvae. In this curve the intensity of the 
effect is plotted against the age (from hatching of the eggs) at which 
the larvae are transferred from the standard culture medium to the 
tested medium. The curve of Beadle and Law shows then that the 
strongest effects are obtained when larvae are grown on the standard 
food up to 36-60 hours after hatching * and then transferred to the 
crushed wild type pupae. If transferred before or after this time, only 
very weak effects are produced. 

The question was raised whether this time relation, characteristic 
of the v* hormone, may be found in producing similar effects by means 
of the dry yeast extract or the peptone. An experiment was performed 
in which larvae timed at hatching and grown on the cornmeal medium 
were transferred at various known ages to the following three media: 
(1) 2 cc. agar with glucose + 1 cc. of a 10 per cent Calliphora nitrog- 
enous extract; (2) 2 cc. agar without glucose + 1 cc. of a 2.5 per cent 
dry yeast nitrogenous extract; (3) 2 cc. agar with glucose + 1 cc. of 
a 10 per cent gelatin peptone solution containing 1 per cent tryptophane. 
The results of these three experiments are given in Table XIV and 
Fig. 1 (curves 1, 2 and 3). We should like to emphasize that we do 
not ascribe to this figure any rigorous quantitative value; we merely 
reproduce it to facilitate the comparison of the different results. 

5In the paper of Beadle and Law the ages of the larvae are indicated in hours 
from egg-laying. The curve represented on our figure is obtained by subtracting 
24 hours from the ages given by Beadle and Law. After our manuscript had been 
sent to press Dr. Beadle informed us that according to his determinations hatch- 


ing occurs 18 hours after egg-laying. Consequently curve A should be shifted 6 
hours to the left. 





“(SE61) Me] pue szpeeg Jo eyep uO paseq st Y 9AIND ‘“wMIpeut yeyuoUTTIOdxe dy} 0} UMIPeUT 21nz]ND prepuE}s 
wo1y (S333 jo Burmppyey J9}ye simoy) ease] JO JoJsuer} JO DUI} pue 10]09 a42 UO Ways UddMJoq UONEPY “[ “DIY 
Sino} 


09 0 
94 % 89 $9 os 2s oo oe” o¢ te oe oe gy 2 go 9 


439 


a 
a 
Oo 
= 
= 
Oo 
q 
a 
oO 
= 
oO 
O 
q 
4 
oI 
a 
e 
ey 
Oo 
=) 
Q 
oO 
% 
a 
& 
nN 
% 
oO 
ae 
+ 
o 


S 
993$] 





440 KHOUVINE, EPHRUSSI AND CHEVAIS 


As seen in the table, the age of the larvae was determined at hatching 
within 2-3 hours. In comparing curve 1 (Calliphora extract) with 
curve A (data of Beadle and Law) we find a fair agreement in the 
results. Of course the effect of our 10 per cent extract is much 
stronger, which explains the fact that curve 1 does not fall to 0. But 
then it can be seen that in both experiments the curves go through a 
maximum in the middle of the larval development, on both sides of 
which the curves fall. Special attention is drawn to the fact that the 
intensity of the effect produced on larvae transferred to the extract 
immediately after hatching is as low as that of larvae transferred just 
prior to pupation. 

Curves 2 and 3, representing the effects produced by the yeast ex- 
tract and the peptone-tryptophane solution, also show a decrease of the 


TaBLe XIV 


Calliphora extr. Dry yeast extract Peptone +tryptophane 
Age of larvae at sinetniaiceaipnaiaaaainiee 
transfer (hours 


from eclosion) Total | Modi- 


Total 
flies | fied | Effect 


@-2j.......) 2 25 


2.0 
1.9 
2.8 
3.7 
3.7 
3.8 
3.3 
2.7 
1.9 


effect when larvae are transferred to these media after 46 hours. But 
there is no such clear maximum as on curve 1 and the effects produced 
by transferring the larvae soon after hatching from the egg are not 
clearly different from those obtained by the transfer at 32-46 hours. 
In any case the values of the effect produced by transferring at 1 hour 
are considerably above those produced by transferring at 68-80 hours, 
while curve 1 gives for these two points practically identical values. 


Discussion 


In the following discussion we shall first compare the effects de- 
scribed above and then examine their possible explanations. Anticipat- 
ing the difficulties of interpretation, we should like to emphasize that 
we are aware of the speculative nature of many of the arguments 
presented, due to the incompleteness of information in the present stage 
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of the work. Nevertheless, a detailed discussion is judged desirable, 
if only for tracing the lines of new experiments. 

The common characteristic of all the effects described is that they 
simulate the effect of the v* hormone. There is no reason to assume 
that, in the last analysis, the effects are produced by anything else than 
this hormone, but it is clear also that the effects of yeast and peptone 
(let alone starvation) are not due to the presence of hormone in these 
media: it has been shown that neither dry yeast, nor dry yeast extract, 
nor peptones produce any detectable effects when injected into the lymph 
of the larvae. This is, however, the crucial test for the presence of 
hormone as such. 

Putting aside the starvation effect which is not necessarily due to 
the nature of the medium, we may say that the effects of peptones and 
of dry yeast have also in common their relation to concentration: the 
proportionality to it at low doses and the inhibition at higher doses. 
Since the inhibition is shown both by the peptone and by dry yeast and 
since the yeast extract can inhibit the action of the peptones, it is at 
least highly probable that there is no special inhibiting substance and 
that, on the contrary, the inhibition is bound to the active principle 
(whatever its nature is) contained in, or represented by, the yeast and 
the peptone. 

It has been shown that the action of dry yeast (or yeast extracts) is 
inhibited by the presence of glucose in the medium. On the other 
hand, the effects of peptone have beef observed in the glucose-agar 
mixture. This difference between yeast and peptone might, however, 
be purely quantitative. It will be noticed that the peptone action is 
inhibited in the cornmeal medium, characterized among other things by 
a higher sugar-content. 

Both the peptone and yeast effects are dependent upon the age of 
the larvae to which they are fed. The age-effect curves are similar, 
although different somewhat from the curve for hormone action. 

All these facts show a close resemblance between the action of the 
peptones and dry yeast. 

Another characteristic feature of the facts described is that all the 
factors studied produce an effect on v flies and no effect on cn flies. 
This fact is a new argument in favor of the notion of Beadle and 
Ephrussi (1936, 1937) of the non-identity of the v* and cn* hormones. 
The argument is further strengthened by the fact that carbitol extracts 
seem to produce much stronger effects on v, while the nitrogenous ex- 
tract produces the maximum effect at quite similar concentrations in v 
and cn flies. 
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Turning to the interpretations of the observed facts, let us first 
consider the possible mechanism of the starvation effect. Starvation 
brings about a change of eye color which is similar to that produced by 
the 7 hormone. We might as well then assume that under the condi- 
tions of starvation an amount of the hormone sufficient to produce a 
visible effect is produced by v flies. The question is then raised as to 
the origin of this hormone. Three different hypotheses might be sug- 
gested : 

(a) We can assume that v flies normally produce some v* sybstance 
and that under the conditions of starvation the process of hormone pro- 
duction is accelerated more or slowed down less than other develop- 
mental reactions. 4 

(b) We can assume also that wv flies normally possess all the neces- 
sary elements required in the hormone formation, but that normally 
their metabolism is directed on a track not leading to the production of 
hormone. On this assumption the formation of v* hormone would 
result from the breakdown or resynthesis of some normal constituents 
of the tissues and, in v animals, would occur only under the conditions 
of starvation, i.e. they would represent a deviation from the normal 
metabolism. 

(c) Finally, we might try to explain the starvation effect in terms 
of the quantity of food ingested. We have seen that dry yeast produces 
a similar effect when supplied in small amounts and that this effect is 
not observed when the animal is supplied with larger amounts of yeast. 
Assuming that living yeast has the same properties (an assumption which 
is by no means demonstrated) we might interpret the starvation effects 
as due to the ingestion of a small (“active”) dose of yeast. 

We will note that interpretations (b) and (c) do not imply either 
the complete lack, or, on the contrary, a small production of v* substance 
by v animals. 

To distinguish between these three hypotheses is a rather difficult 
problem. 

Although Beadle and Ephrussi (1937) pointed out that “ from the 
nature of the tests used for such diffusible substances, it is obvious that 
‘absence’ can mean only a quantity as small as or smaller than that 
produced by the test mutants,” hypothesis (a@) does not seem very 
probable on several grounds. It has been shown by Beadle, Clancy and 
Ephrussi (1937) that injection of v lymph into sensitive animals does 
not lead to a modification of eye color of the injected animals. Beadle 
(1937) has shown by injecting concentrated extracts of Malpighian 


® According to a personal communication of Dr. G. W. Beadle the v* hormone 
can actually be extracted from starved v larvae. 
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tubes of v larvae (wild type Malpighian tubes do produce both the v* 
and cn* substances) that the amount of v* substance in v larvae is not 
more than about one-ninetieth of the amount present in wild type (see 
also Beadle, Tatum and Clancy in the following paper concerning this). 
We should expect then that to produce an accumulation of a considerable 
quantity of the so slowly produced hormone must require a very serious 
retardation of the development. Although small retardations always 
accompany a clear starvation effect, they do not appear as sufficient to 
account for this effect. (Precise determinations and calculations will 
be found in the paper by Beadle, Tatum and Clancy.) 

Hypothesis (c) is equally hard to disprove. We will only mention 
here that, according to a personal communication of Beadle, the starva- 
tion effect can be observed on animals starved during a very short 
(sensitive) period. The total amount of yeast taken in is then very 
close to the normal one. 

In spite of this uncertainty we favor hypothesis (b), which appears 
to us considerably supported by the well-known fact that, during starva- 
tion, the flies live mainly on their own fat bodies (Guyenot, 1917). 

For the explanation of the effects of the dry yeast and of the pep- 
tones only two hypotheses remain possible, since we have already dis- 
carded the possibility that they contain the v7 hormone: 

(1) We can assume that they contain a specific substance. 

(2) We can interpret their effects in terms of starvation. 

It has been shown that both the dry yeast (or yeast extracts) and 
the peptones produce their characteristic effects only at low concentra- 
tion. One might assume then that this low concentration represents a 
low food level and that what we referred to as inhibiting action of high 
concentrations is nothing but a normal nutrition. Such an interpreta- 
tion, difficult as it is to discard in the case of the yeast effects, is not in 
agreement, however, with the observation that yeast cells grow per- 
fectly on the peptone media used. We have to discard this hypothesis 
at least in so far as the peptone effect is concerned and to give our 
preference to hypothesis (1). 

Concerning the assumption that the peptone and, possibly, dry yeast 
contain a specific substance, we have to make two remarks: 

(1) This substance might act on the larva either directly or through 
the intermediary of the growing yeast. The latter interpretation does 
not fit, however, the effects of yeast extracts, since here the effects are 
observed in glucose-free media and on larvae washed to remove the 
adherent yeast (i.e. in the absence of growing yeast). 

(2) Concerning the rdle of the substance or, more probably, sub- 
stances (in view of the complementary action of tryptophane) we are, 
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at first sight, again in the presence of two somewhat distinct possibilities : 
the substances might represent normal constituents of the hormone or, 
on the contrary, they might have nothing to do with the hormone, except 
that, when taken in with the food, they change the normal metabolism 
of the larva in a way similar to that produced during starvation. No 
decisive argument for or against one of these possibilities can be ad- 
vanced at present. 

No conclusion as to this question can be drawn from the experi- 
ments with dry yeast extracts: while their close relation with the normal 
food of Drosophila at first sight does not incline us to think of the yeast 
effects in terms of a modification of metabolism, the literature contains 
many indications of clear biochemical differences between living and 
dry yeast. On the other hand, the inhibition of the yeast effect by 
glucose offers a striking analogy with the phenomenon of protein- 
sparing. 

When one comes to think of the described phenomena and of the 
different suggested hypotheses in these terms, it becomes obvious that 
the different interpretations might be more closely related than they 
appear to be at first sight. Not only the distinction between them 
becomes more and more subtle, but a situation becomes perfectly con- 
ceivable in which a specific substance would produce a definite effect 
only in the presence of a specific deficiency. To say that an effect pro- 
duced under such circumstances is due to a specific substance or to a 
modification of the metabolism, becomes a matter of taste. Thus, the 
consideration of the effects of yeast and peptone lead us to notions 
essentially similar to that to which we have been led by the consideration 
of the starvation effect. The attack of the fat bodies during starvation, 
the importance of tryptophane in the effect of peptones, the inhibition 
of the yeast effect by glucose, the conclusion of our chemical work 
indicating the probable amino-base nature of the v* substance—all point 
to the protein breakdown as source of this hormone. 

To take in further work such an intermediate position has the advan- 
tage of drawing one’s attention to the common background of the 
different phenomena: that of the yeast effect, that of the effect of 
peptones and even that of the effect of starvation. 


SUMMARY 


An account of chemical investigations of the nature of the v* and 
cn* hormones of Drosophila is given. It is concluded that they prob- 
ably belong to the group of amino-bases. 

It is shown that the effects of Calliphora extracts, containing these 
hormones, are proportional to the concentration. 
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It is shown that under the influence of starvation v flies undergo 
a modification of the eye color, similar to that produced by the v* 
hormone. 

It is shown that similar effects are produced by feeding Drosophila 
larvae on small doses of dry yeast. At low doses the effects produced 
are proportional to the concentration of yeast. Higher doses of dry 
yeast suppress the effect which is also suppressed by the presence of 
glucose in the medium. 

Various peptones also produce a hormone-like effect when fed to 
v larvae. Again the effect is proportional to the concentration of pep- 
tone at low concentrations, and decreases above a certain maximum. 

High concentrations of yeast extract suppress the effects of the 
peptones, but not the effect of Calliphora extracts. 

The relations of the age of the larvae to the intensity of the effects 
produced by yeast extract and by peptone are studied. 

Gelatin peptone does not produce an effect comparable to that of 
the other peptones tested, but does if tryptophane is added. 

Neither starvation, nor dry yeast, nor peptones, produce the modi- 
fication of the eye color of cn flies. 

Neither dry yeast, nor peptones produce effects on v flies when in- 
jected into the body cavity of the larvae. 

An attempt is made to interpret all the effects observed by a single 
hypothesis. 
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FOOD LEVEL IN RELATION TO RATE OF DEVELOPMENT 
AND EYE PIGMENTATION IN DROSOPHILA 
MELANOGASTER * 


G. W. BEADLE, EDWARD L. TATUM AND C. W. CLANCY 
(From the School of Biological Sciences, Stanford University) 


INTRODUCTION 


Beadle and Law (1938) have shown that the eye color hormones 
concerned in the differentiation of vermilion and cinnabar eye colors 
in Drosophila melanogaster are effective when administered with larval 
food. In attempting to develop a standardized method of feeding these 
hormones quantitatively, it became evident that information was needed 
on the relation between food-level and rate of development (see North- 
rop, 1917a, and Baumberger, 1919, for accounts of previous work bear- 
ing on this). During the course of experiments designed to give such 
information, Dr. Boris Ephrussi of the Institut de Biologie physico- 
chimique, Paris, informed us (personal communications) of feeding 
experiments made in his laboratory, the results of which appeared to 
be understandable on the assumption that food-level had an effect on 
pigment production in genetically vermilion brown flies. After pre- 
liminary experiments had given results consistent with this assumption, 
systematic studies, approaching the general problem in somewhat dif- 
ferent ways, were undertaken in the two laboratories. The paper pre- 
ceding this (Khouvine, Ephrussi, and Chevais, 1938) and the present 
report summarize these experiments. 


THe SEVENTY-Hour CHANGE 


If larvae are removed from standard food (cornmeal-molasses-agar, 
seeded with an excess of fresh baker’s yeast) at various stages of de- 
velopment, rinsed with Ringer’s solution, and transferred to vials con- 
taining filter paper moistened with Ringer’s solution, there is no further 
increase in size. Those removed at any time up to about 70 hours after 
egg-laying (at 25° C., the temperature at which all experiments were 
carried out) may continue to live for several days but eventually die 
unless given additional food. Larvae similarly removed from food 
shortly after 70 hours fail to increase in size but continue to differentiate 

1 Work supported in part by funds granted by the Rockefeller Foundation. 
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and form puparia at approximately the same time as do normally fed 
controls (at from 100-120 hours after egg-laying, depending on the 
stock used). The results of a typical series of this kind in which lots 
of vermilion brown larvae were removed from full food to no food at 
successive 4-hour intervals are summarized in Fig. 1. In this series 
eggs were collected over a 2-hour period; the ages indicated are meas- 
ured from the midpoint of the egg-collecting period. Results similar 
to these have also been obtained using larvae of the Oregon-r wild type 
stock. 
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25 50 75 100 125 150 175 200 
Age in hours after egg-laying 
Fic. 1. The effect of removing vermilion brown larvae from food to moist 
filter paper at various times. Each horizontal line represents a sample of 20 
individuals. Age in hours is represented on the horizontal axis. Unbroken lines 


represent time on full food, dotted lines time on filter paper, wavy lines puparium 
formation, and +’s represent death. 


These results show clearly that some organizational change occurs 
in larvae at about 70 hours (near the time of the second moult). This 
will be referred to as the “70-hour change” and will be considered 
further in subsequent sections. 


RESULTS OF COMPLETE STARVATION BEFORE THE SEVENTY-HourR 
CHANGE 


Several series of experiments have been made in which larvae at 
various ages were removed from food before the 70-hour change, kept 
on moist filter paper for varying intervals, and then returned to standard 
food medium with an excess of yeast. All series, some with the 
Oregon-r stock, others with a vermilion brown stock, were consistent 
in indicating that removal from food at from 24 hours after egg-laying 
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(some 7-8 hours after hatching from the egg) to just prior to the 70- 
hour change, resulted in cessation of those developmental processes con- 
cerned with differentiation. Larvae so removed from food were de- 
layed in forming puparia, the delay being roughly proportional to the 
time of starvation. Since time of puparium formation was not recorded 
accurately (generally counts of puparia were made at 12-hour inter- 
vals), it is not considered worthwhile to record these data in complete 
form. The results of a typical series in which vermilion brown larvae 
were removed from food at 60 hours and returned in lots of 20 at 12- 
hour intervals are shown in Fig. 2. Other experiments included larvae 
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Fic. 2. Relation of delay in puparium formation to length of starvation pe- 


riod in vermilion brown larvae removed from food at 60 hours after egg-laying. 
The straight line, delay equals starvation period, is for reference. 


initially removed at 24, 36, 48 and 60 hours, and returned in lots of 20 
at 12-hour intervals up to the time of death. Under the conditions of 
the tests the maximum starvation periods were as follows: 


Age at removal 


All results were roughly similar to those shown in Fig. 2. The 
average delay in puparium formation in relation to time of starvation 
for four series of vermilion brown larvae, initially removed at 24, 36, 
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48, and 60 hours, is shown in Fig. 3. It is evident that the delay in 
puparium formation is generally greater than the time of starvation. 
These results suggest that under conditions of complete starvation the 
organizing processes which normally lead to metamorphosis are not only 
stopped but actually set back. Presumably materials already organized 
at the time of removal from food are broken down in the process of 
metabolism. After the restoration of an adequate food supply, these 
materials must be reorganized before the animal is back to the develop- 
mental stage attained at the onset of starvation. The data as obtained 
are not considered complete enough to justify an attempt to determine 
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Fic. 3. Relation between average delay in puparium formation and length of 
starvation period, in four series of vermilion brown larvae, removed from food at 
24, 36, 48 and 60 hours after egg-laying. The straight line, delay equals starvation 
period, is for reference. 


the precise relation between delay in puparium formation and time of 
starvation. 

Starvation prior to the 70-hour-change appears to be without effect 
on the duration of pupal life. The times from puparium formation to 
eclosion for four samples of vermilion brown flies subjected to periods 
of starvation were as follows: 


Starvation period Age at puparium Time from puparium 
formation formation to 
eclosion 


(Ars.) x (hrs) 
100 

94 

102 

102 

101 
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Considering the fact that both time of puparium formation and time 
of eclosion are approximations (observations made at 12-hour inter- 
vals), there is no evidence of any significant differences in length of 
pupal life. These observations agree with those reported by Northrop 
(1917b), Baumberger (1919) and by others. 

Larvae subjected to complete starvation for various intervals of de- 
velopment prior to the 70-hour change and then returned to full food 
obtain full size by the time of puparium formation. Table I gives the 
oven-dry weights for adult flies from one series of vermilion brown 


TABLE I 


Weight of oven-dried adult flies from larvae subjected to starvation for various periods 
of development 
Period starved Total number Weight, 
of flies av. 9 9 and oc" 
(mg.) 
0.29 
26 
.29 
31 
31 


27 
.28 
25 


.28 
34 
27 
.28 


.28 
.26 
-30 
.29 
30 


larvae. It is evident that there is no consistent effect of the treatment 
on the final weights. 


Tue EFrrects oF Periops oF COMPLETE STARVATION OF LARVAE AFTER 
THE SEVENTY-Hour CHANGE 


As indicated above, removal of larvae from food to moist filter paper 
after the 70-hour change does not result in a delay in puparium forma- 
tion. In some series an actual acceleration of puparium formation, 
amounting to several hours, appeared to result from removal from food. 
The data obtained, considered above, are probably not sufficient to estab- 
lish definitely such acceleration as a real effect of the starvation. These 
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observations are, however, in agreement with the results of intermittent 
feeding on the development of the moth Lymantria (Kopeé, 1924). In 
this insect, more suitable for such studies because of the longer life 
cycle, starvation in late larval stages clearly brought about a hastening 
of pupation. 

Adults from larvae removed from food shortly after the 70-hour- 
change are much smaller than fully-fed flies otherwise comparable. 
From a collection of vermilion brown larvae from eggs laid during a 
two-hour period, lots of 20 larvae were removed to moist filter paper 
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Age at time of removal from food (hrs.) 
Fic. 4. Relation between oven-dry weight of adult flies from vermilion brown 


larvae removed from full food at successive 4-hour-intervals and allowed to com- 
plete development on moist filter paper. 


at the 4-hour intervals (represented in Fig. 1). The adult flies from 
these larvae were oven-dried at about 110° C. until they no longer 
showed a decrease in weight, and their weights recorded. Males and 
females were weighed separately. The weight of flies (average males 
and females) from larvae removed from food at 72 hours was only 
0.035 mg. each or only about one-eighth as much as fully fed controls 
which weighed 0.290 mg. each. The relation of final weight to time 
of removal from food is shown in Fig. 4. It is clear that size as deter- 
mined by weighing is roughly proportional to the time after the 70-hour- 
change during which the larvae are allowed to feed. Whether or not 
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the relation is linear, as Fig. 4 might suggest, the data are not sufficient 
to determine. 

Aside from their size, these flies, starved from 72 hours, appeared 
to be normal. Tests made by intercrossing the small flies resulting 
from complete starvation of larvae after 72 hours showed that both 
sexes were fertile; no attempt was made to mate such small flies to 
flies of normal size. 

In general, the same effects of starvation as are considered above 
in Drosophila’ were observed in Lymantria dispar by Kopeé (1924). 
Kopeé discusses in some detail the significance of such results as these 
to the more general problems of development and differentiation. 


ATTEMPTS TO INDUCE THE SEVENTY-HouR-CHANGE 


On the assumption that specific organizing substances might be con- 
cerned in the 70-hour change, extracts of animals that had undergone 
this change were injected into larvae removed from food before 70 
hours. Wild type larvae, taken shortly before puparium formation, 
were ground with powdered silica in an ether-alcohol mixture. The 
liquid was decanted, evaporated by gentle warming, the residue taken 
up in water, and centrifuged. The oily extract obtained gave nega- 
tive results when injected into vermilion brown larvae removed from 
food at 68 hours (15 test larvae died without forming puparia). The 
water extract obtained by the above procedure was similarly tested, 
and of 15 test animals, one pupated. In the uninjected control animals, 
however, one in 45 also pupated, so that there was no definite indication 
of a positive effect. 

Tests were made of fluid obtained by crushing and centrifuging wild 
type pre-pupae with white puparia, i.e., larvae that have formed puparia 
within an hour. The water layer was negative when tested in vermilion 
brown larvae taken from food at 68 hours. The results were the same 
with fluid from unheated and heated (100° C. for about 1 minute) pre- 
pupae (12 tests with heated and 14 with unheated material). 

Preliminary experiments indicated that a ring gland (Hadorn, 1937) 
from a 100+ hour larvae transplanted to larvae removed from food 
at 68 hours would induce puparium formation and pupation at the time 
that fully fed controls underwent these changes. Additional tests of the 
same type gave results that were not convincing. Of sixteen 68-hour 
test animals injected with ring-glands from 100 +- hour vermilion brown 
larvae, 15 lived and of these 6 formed puparia but did not continue to 
develop. Of a similar number of surviving controls injected with 
Ringer’s solution, 2 formed puparia and likewise failed to continue de- 
velopment. In another test, 3 of 10 animals to which ring glands had 
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been transplanted formed puparia and failed to continue development. 
In this test all 17 controls injected with Ringer’s solution failed to form 
puparia. It appears from these results that the ring gland may exert 
some influence on organization processes, but this is by no means proved. 
Furthermore, assuming such an effect, the possibility has not been ex- 
cluded that it is simply a question of adding more potential food ma- 
terial ; that is, the addition of a ring gland might be roughly equivalent 
to feeding the larvae for a few hours. 

Clearly more information is needed before an attempt to interpret 
the nature of the 70-hour change in specific terms is likely to be 
profitable. 


RELATION OF Foop Levet to Eve PIGMENT DEVELOPMENT IN 
VERMILION BROWN FLIES 


Preliminary trials showed that by taking larvae of apricot vermilion 
or vermilion brown flies and placing them under conditions of reduced 
food, a darkening of the eyes could be induced. The experiments re- 
ported below, all made with vermilion brown flies, were designed to 
find out more about this starvation effect. 

Conditions appropriate for producing a modification in the eye color 
of vermilion brown flies have no detectable effect on the eye color of 
cinnabar brown flies. 


Effects of Complete Removal of Food 


In the series of experiments reported in previous sections of this 
paper, in which vermilion brown larvae were removed from food to 
filter paper at different ages and completely starved for varying lengths 
of time, careful observations were made of the eye colors of the adult 
flies obtained. The results were consistently negative. Complete re- 
moval from food was without apparent effect on the eye color regard- 
less of the age of the larvae at the beginning of the starvation period 
and of the duration of the starvation period. Intermittent feeding gave 
similar negative results. In one such series 44 larvae, initially removed 
from food at 36 hours after egg-laying, were treated as follows: 


Time Time 
on food off food 


(hrs.) (ars.) 
Hatching to 36 36 to 72 
88 to 109 
121 to 135 
135 to 216 (puparium formation) 


With this treatment, purposely made drastic, the mortality was high; 
only two flies survived. These showed no modification of the eye color. 
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Other experiments of essentially the same nature likewise gave nega- 
tive results. 


Effects of Intermediate Food Level 


It was found in one experiment that vermilion brown larvae com- 
pletely starved from 48-96 hours, then fed a few drops of yeast sus- 
pension on filter paper, as the yeast became exhausted gave rise to adults 
with eyes definitely darker than the controls. Four flies eclosed on 
the twelfth day after egg-laying were only slightly modified, 13 that 
emerged on the thirteenth day gave a maximum color value of 1.0 
(0.0 represents no modification, 5.0 a complete change to brown; see 
Tatum and Beadle, in press, for details concerning eye color standards). 
This and similar experiments suggested, then, that an intermediate 
food-level was effective in inducing a modification of the processes con- 
cerned with eye pigment formation. 

To determine the possible influence of varying food levels on the eye 
color of vermilion brown flies, vials were made up containing 10 cc. of 
1 per cent brewer’s yeast in 2 per cent agar. Varying numbers of 
larvae were removed from full food at 25 hours after egg-laying and 
placed in such vials. It was found that mortality increased as food 
level decreased, from 0 per cent with 10 larvae per vial to 50 per cent 
with 100 larvae per vial. Delay in puparium formation increased as 
the amount of food decreased, and, in general, size of adult flies de- 
creased with decrease in food available per larva. The effect on eye 
color was marked, as indicated in Table II. A general relation was 
observed between size of adults and strength of modification; i.e., 
smaller flies were darker. 

The data in Table II suggest that there is a food level between the 
two extremes represented in the experiment at which the modification 
in eye color is at a maximum. That there should be such an optimum 
food level for inducing this response is, of course, obvious from the 
fact that the response can be induced and that the two extremes, full 
food and no food, are ineffective. 

A second experiment of the same nature but using 10 cc. of 1 per 
cent agar containing 0.5 per cent brewer’s yeast, gave essentially similar 
results. As expected, the larval mortality was higher, dropping from 
20 per cent with 10 larvae per vial to 80 per cent with 100 larvae. 


Period of Development Sensitive to Low Food Levels 


In order to bring about a modification of the eye color of vermilion 
brown flies by means of reduced food, the larvae must be put at a low 
food level before a certain period of larval development. Table III 
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TABLE II 


Results of different food levels on the eye color of vermilion brown. Varying 
numbers of larvae were transferred at 25 hours after egg-laying (7-8 hours after 
hatching) to vials containing 10 cc. of 2 per cent agar agar with 1 per cent of 
dry brewer’s yeast. Results are recorded in arbitrary color values followed in paren- 
thesis by the number of individuals on which the color value is based. Fully fed 
controls showed no modification of eye color. 


Delay in eclosion as compared with fully fed controls—days 
Number of larvae 
per vial 


10 

20 1.6 (42) 

30* 

40* 1.9 (19) 3.2 (4) 

50* 1.9 (17) 2.1 (7) 4.3 (3) 4.2 (2) 
100 2.0 (18) 


* Thirty flies from the 30-, 40-, and 50-larva vials were combined. These 
eclosed 2 days later than controls and gave a color value of 2.8 (2.04.0). 


gives the results of an experiment in which vermilion brown larvae of 
various ages were removed from full food to a low food level. Larvae 
transferred at any time up to and including 63 hours after egg-laying 
showed a relatively strong modification of eye color. Transferred at 


75 hours or later, the result is quite negative. Within the limits of the 
experiment, this period, after which the eye color change no longer 
results, coincides with the 70-hour change. This result was confirmed 
in a second series not reported here in detail. 


TABLE III 


Effect on eye color of removing vermilion brown larvae from full food at different 
ages and placing them on a low-food level. The low-food medium consisted ot 10 cc. 
of 2 per cent agar containing 14 per cent of air-dried brewer's yeast per vial. Twenty 
larvae were placed in each vial. Ages are measured from egg-laying. 


Number 
Age at transfer Age at return of Color value, 
to low food to full food —_ mean and range 
lies 


(Ars.) (hrs.) 
28 175 11 3.7 (2.8-4.5) 
39 175 19 3.4 (2.0-4.0) 
51 175 10 2.7 (1.0-3.5) 
63 175 14 3.3 (2.04.5) 
75 Not returned 20 0.0 
87 Not returned 18 0.0 
99 Not returned 19 0.0 
Control 17 0.0 
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The transfer to low food appears to be no more effective if made 
early in development than if made at 63 hours (Table III). In other 
words, it appears that the period primarily sensitive to the treatment 
lies between the ages of 63 and 75 hours. In order to test this further, 
experiments were made in which vermilion brown larvae transferred 
to low food about 10 hours after hatching from the eggs were returned 
to full food at intervals. The results of such an experiment are pre- 
sented in Table IV. Subjection to a low food level early in develop- 
ment has very little effect. If the larvae are left on the low food me- 
dium until 87 hours after egg-laying the modification is very much 
stronger. Of course this chronological age of 87 hours does not corre- 
spond to a similar developmental age. By subtracting from the chro- 


TasBlLe IV 


Effect on eye color of returning vermilion brown larvae grown at a low food 
level (as described in heading to Table III) from 28 hours after egg-laying to full 
food. 





Number 
Age at return Approximate delay of Color value, 
to full food in pupation adult mean and range 
flies 
(Ars.) 

39 8 10 0.0 
51 15 17 0.2 (0.0-0.5) 
63 18 12 0.2 (0.1-0.3) 
75 18 17 0.3 (0.2-0.5) 
87 24 14 1.8 (0.2-2.5) 
99 36 14 0.7 (0.1-2.0) 

Control Full food throughout 17 0.0 


nological age the delay in puparium formation we get a rough approxi- 
mation of the developmental age. It is found by doing this that, within 
the limits of accuracy of the experiment as carried out, this type of 
experiment gives results consistent with the reciprocal one just de- 
scribed ; that is, to obtain marked modifications of eye color, larvae must 
be subjected to a low food level during a period corresponding to that 
. in the region 60 to 70 hours of normal development. 

If larvae are kept on full food up to 60 hours after egg-laying, trans- 
ferred to a low food medium and returned at intervals to full food, it is 
found that the modification in eye color increases with increasing time 
on low food. The results given in Table V show this. The maximum 
effect is produced in the lot of larvae kept on low food for 66 hours. 
The delay in puparium formation and eclosion(only roughly measured ) 
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indicates that during this time they had advanced developmentally some 
16 hours or less. 

The above results are in general agreement in showing that the 
period sensitive to low food level as measured by the production of 
eye pigment lies between the stage reached at about 60 hours at full 
food and the 70-hour change, and that the maximum response is obtained 
when all of this developmental period is gone through on a low food 
level. 


Relation of Food Level to the Eye Color Hormone System 


Since it is known that the addition of a hormone-like substance to a 
vermilion fly will result in the production of an eye color like that of wild 
type (see Ephrussi, 1938, for review and references to literature), an 


TABLE V 


Influence of length of timé on low food level on the eye color of vermilion brown 
flies the larvae of which were transferred from full food to low food at 60 hours after 
egg-laying. Low food has the same significance here as in Table III. 


Time 
Age at return | at low Number of Color value, 
to full food ae adult flies mean and range 
leve 


(hrs.) 
69 9 19 0.0 (0.0-0.5) 


77 17 17 0.1 (0.0-0.4) 
84 24 18 0.7 (0.0-3.3) 
94 34 15 1.3 (0.4-1.7) 
101 41 13 0.8 (0.4-2.0) 
126 66 10* 3.1 (1.0-4.3) 


* Approximate delay in eclosion as compared with controls, 50 + hours. 


attempt was made to determine whether or not the increase in eye color 
intensity caused by partial starvation resulted from the production of 
increased amounts of v* hormone by such flies. Approximately 1700 
vermilion brown larvae were grown under conditions calculated to give 
a reasonably strong modification in eye color. These were allowed to 
pupate and some 20-60 hours after puparium formation they were col- 
lected, cleaned and oven-dried at 100° C. In this way 0.69 gram of 
dry material was collected. A sample of 9 such flies allowed to develop 
gave a mean color value of 2.3 (1.5-3.0). As a control 4.5 grams of 
oven-dried vermilion brown pupae, fully fed as larvae, were collected. 
A sample allowed to develop gave a color value of 0.0 as expected. 
Crude extracts of these two lots of material were prepared according to 
the method described by Tatum and Beadle (in press). This extract in 
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a rather concentrated form was tested in the usual way by injection into 
vermilion brown test animals. From the tests of the extract of the 
starved vermilion brown pupae, it can be calculated that at the same 
concentration as the non-starved control this extract would have given a 
maximum color value of 1.6 (range 0.8-1.6). The reduced food level 
therefore resulted in an increased production of v* hormone by ver- 
milion brown flies. From the results reported by Tatum and Beadle, 
we can calculate that an extract of wild type pupae of a concentration 
equal to that of the non-starved vermilion brown pupae would contain 
about 112 units of hormone per injection. Since one-third of a unit 
per injection can be detected without difficulty, the hormone content of 
the non-starved vermilion brown pupae can be said to be less than one 
three hundred and thirty-sixth that of wild type. The amount of hor- 
mone extracted from the partially starved vermilion brown pupae 
amounts to approximately 14 per cent of that extractable from wild 
type pupae. The relation between eye color and amount of hormone 
available per fly, given by Tatum and Beadle, indicates that at least 30 
units are normally produced by a wild type fly. The extraction method 
used yields about 10 units per wild type fly. Assuming this same ratio 
of amount extracted to the amount produced to hold for the vermilion 
brown flies grown on reduced food, we can calculate that these flies 
would have produced an average of about 4.2 units per fly. This corre- 
sponds to an eye color value of 2.7 which is as close as could reasonably 
be expected to the observed color value of 2.3. 

The magnitude of the increase in v* hormone resulting from reduced 
food can be approximated in the following manner: assuming that a 
vermilion brown fly does produce some v* hormone, we know that this 
amount must be less than one-third of a unit as defined by Tatum and 
Beadle. The maximum effect produced by growing vermilion brown 
larvae on a low food level is a color value of 5 which corresponds to an 
injection of at least 30 units of hormone. It follows, therefore, that 
the hormone is increased at least a hundredfold by subjecting vermilion 
brown larvae to the appropriate food level. 


DIscussIon 


From the results presented above it is seen that the conditions re- 
sulting in what might be called the “ starvation effect ” on the eye color 
of vermilion brown flies are accompanied by a retardation in develop- 
ment. That this retardation is, in itself, not responsible for the effect 
is shown by the fact that larvae retarded by complete removal from 
food do not show it. Furthermore, experiments not reported above 
have shown that retardation during the sensitive period brought about 
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by subjecting larvae to a temperature of 15° C. is quite without effect. 
The final size attained by the fly has nothing essential to do with the 
effect since larvae returned to full food after the effective period of 
the treatment are normal in size and may show strong modification. of 
eye color. 

A possible explanation of the effect of food level on the eye color 
change that we are concerned with involves the assumption that the 
effective low food levels may affect developmental reactions differen- 
tially. It might be supposed, for example, that the reactions leading to 
the formation of v* hormone go on slowly in a vermilion fly and that 
by prolonging development other reactions may be retarded and at the 
same time the conditions remain favorable for the formation of v* hor- 
mone. The magnitude of the effect, however, is such that this inter- 
pretation seems improbable. As pointed out above, the increase in 
hormone is at least one hundred times that in fully fed vermilion brown 
flies. With no change in rate, we would then have to assume an in- 
crease in time during which a reaction goes on of at least this magnitude. 
Since the delay accompanying the maximum response is less than 100 
hours, the normal time required for the reaction assumed to be pro- 
longed by the treatment would be less than one hour. While this simple 
interpretation, of course, is conceivable, it does not seem probable, espe- 
cially in view of the fact that the sensitive period appears to extend over 
a period corresponding to about 10 hours of normal development. 

Although the mechanism by which the starvation effect is brought 
about is unknown, it is suggested, as an hypothesis, that the food level 
effective in bringing about the eye color change modifies metabolism in 
such a way that the products normally used in one manner in a ver- 
milion fly are utilized in the formation of v* hormone. The hormone 
involved is known from the work of Khouvine and Ephrussi (1937) 
and that of Tatum and Beadle (in press) to be amino acid-like in nature. 
It seems reasonable, therefore, to suppose that amino acids of one kind 
or another are the precursors of this hormone and that conditions are 
such in a vermilion fly that these precursors are utilized largely in pro- 
tein synthesis rather than in the production of hormone. The conditions 
of low food that result in the formation of an appreciable amount of 
hormone are such that protein breakdown, localized or general, might 
be expected to result, and it seems possible that intermediate products of 
this breakdown, possibly amino acids, could be diverted to reactions lead- 
ing to hormone synthesis. For further discussion of this question see 
the accompanying paper by Khouvine, Ephrussi and Chevais. 

On first thought it seems strange that the starvation effect should 
not have been noted previously in stock bottles. It is, of course, a well- 
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known fact that under the normal conditions of Drosophila culture, the 
larvae are not optimally fed. Observations of crowded stock bottles 
made for the express purpose of determining whether or not vermilion 
brown flies showed the modification under these conditions, were nega- 
tive. Presumably under standard culture conditions the drop in the 
amount of food available is rapid with the growth of larvae and the 
intermediate level at which the effect becomes strong is maintained for 
a relatively short time. The experiments reported above show that the 
appropriate food level must be maintained for some 36 hours and that 
this level must coincide with the sensitive period of development. Thus 
it appears that the conditions that result in the starvation effect are not 
likely to be met in standard culture techniques. 

It is evident from the results reported here and in the preceding 
paper by Khouvine, Ephrussi and Chevais that the detection or measure- 
ment of v* hormone by the feeding technique may be complicated by the 
so-called starvation effect. From the fact that larvae older than 70 
hours (full food at 25° C.) no longer show the eye color change asso- 
ciated with reduced food, but still react to vt hormone in the food me- 
dium, it is clear that feeding tests made with larvae transferred from 
full food after 70 hours are not subject to this complication. 


SUMMARY 


In the development of larvae of Drosophila melanogaster an or- 
ganizational change takes place at about 70 hours after egg-laying 
(25° C.). This change is referred to as the “ 70-hour change.” 

Larvae deprived of all food for periods at any time up to the 70-hour 
change are retarded in development, the retardation being a function of 
the length of the starvation period. 

Larvae deprived of food after the 70-hour change are not retarded, 
but are probably somewhat accelerated in development. 

If deprived of food during a portion of the larval developmental 
period after the 70-hour change, the final size attained by the fly ap- 
pears to depend largely on the proportion of this period spent on full 
food. 

Periods of complete removal of food from vermilion brown larvae 
are without apparent effect on eye pigment production. This is true 
whether the starvation period be short or long and whether it comes 
before or after the 70-hour change. 

Partial starvation (at intermediate food levels) of larvae, under 
certain conditions, greatly increases the amount of eye pigment formed 
by vermilion brown flies. 
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The period of development most sensitive to this “ starvation effect ” 
on pigment production by the eye, lies shortly before the 70-hour change. 

The production of a supposedly specific eye color hormone, v* hor- 
mone, can be influenced greatly by the amount of food given to ver- 
milion brown larvae during a limited period of development, the period 
of maximum sensitivity referred to above. This increase is not less 
than a hundredfold. 
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The results reported in this paper were obtained during the sum- 
mers of 1936 and 1937 at the Marine Biological Laboratory at Woods 
Hole, Mass. They include a possible life cycle of Lepocreadium setife- 
roides (Miller and Northup, 1926) and the description of a new species 
of trematode, Cercaria cumingiae, with observations on its life cycle. In 
the adult stage, Lepocreadium setiferoides parasitizes the flounder and 
hence may be of some economic importance. ; 

MATERIAL AND METHODS 


The various hosts of the trematodes described in this paper were 
collected near Woods Hole. The mollusk, Nassa obsoleta, the first 
intermediate host of L. setiferoides, was secured at Quisset Harbor. 
The second intermediate hosts of this trematode, the turbellarian, Pro- 
cerodes warreni, and the annelid, Spio sp., were collected at Nobska 
Beach and Sheep Pen Harbor. The flounders and sand dabs, that serve 
as hosts of the adult worms, were collected from various shallow waters. 
Cumingia tellinoides, which serves as both the first and second inter- 
mediate hosts of Cercaria cumingiae, was collected from a number of 
localities. " 

The mollusks were isolated in finger bowls and examined under the 
dissecting microscope for the emergence of cercariae. When an in- 
fected Nassa was found, the second intermediate hosts were placed with 
it in a finger bowl of sea water. After an interval of several days, the 
infected second intermediate hosts were fed to flounders and sand dabs. 
Nereis was used as a food supply for the fishes since it was found that 
this worm would not serve as a second intermediate host of L. setife- 
roides. 


1 This work was done under the direction of Dr. R. M. Cable to whom my 
thanks are hereby expressed. 
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Neutral red was used in the study of living material, particularly to 
stain glandular tissues. Living material was flattened under light cover- 
glass pressure and fixed in a saturated aqueous solution of mercuric 
chloride. Mayer’s paracarmine was used to stain toto-mounts. 


OBSERVATIONS 


The life cycle of Lepocreadium setiferoides includes the develop- 
ment of the larval stages in Nassa obsoleta, the encystment of the meta- 
cercaria in the turbellarian, Procerodes warreni, and the annelid, Spio 
sp. and the development of the adult in the sand dab and flounder. 


The Redia (Fig. 2) 


The rediae develop in the digestive gland of Nassa obsoleta. They 
are elongate, with bluntly rounded anterior end and pointed posterior 
end. A collar and ambulatory processes are lacking. No birth pore 
was observed. In flattened, fixed specimens, the rediae vary in length 
from 0.43 mm. to 0.94 mm.; in width from 0.088 mm. to 0.11 mm. 
The pharynx measures approximately 0.037 mm. in length by 0.040 mm. 
in width. Young rediae contain as many as thirty germ balls but no 
mature cercariae. A sac-shaped gut extends posteriorly from the 
pharynx as far as one-third the length of the redia. 


The Cercaria (Fig. 3) 


The cercariae possess two conspicuous eye spots near:the level of 
the pharynx. The tail is provided with lateral tufts of setae. 

Observations and measurements of living cercariae under light 
cover-glass pressure are as follows: the body is 0.305 mm. long by 
0.10 mm. in maximum width at the level of the ventral sucker ; the tail 
is 0.576 mm. long by 0.047 mm. wide at its proximal end; the caudal 
setae are 0.073 mm. long at the proximal end of the tail and some- 
what shorter distally. The setae are arranged in transverse rows, of 
from four to seven setae each, on either side of the tail. Miller and 
Northup (1926) stated that there were about thirty pairs of setae 
groups on the tail, but in the writer’s specimens, thirty-five pairs of 
tufts were found in addition to an unpaired group of setae at the tip 
of the tail. The bases of the setae are expanded and fused with one 
another. The tail is composed of an outer sheath of muscles and an 
inner vacuolated, parenchymatous core. The cuticula of the body is 
provided with small spines which decrease in number towards the poste- 
rior end of the body. The body varies in shape with the degree of 
contraction. The oral sucker is about 0.058 mm., the ventral sucker 
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about 0.044 mm. in diameter. The two conspicuous, black eye spots 
are about 0.015 mm. in diameter and are located approximately mid- 
way between the two suckers. The prepharynx varies in length with 
the degree of contraction of the body, generally being very short. The 
pharynx measures 0.022 mm. in length by 0.015 mm. in width. The 
esophagus is approximately as long as the pharynx. The intestine is 
rudimentary, sometimes appearing as two strings of cells, staining deeply 
with neutral red, extending from the esophagus to near the posterior end 
of the body. Eight cephalic glands are present on each side of the body 
and partially surround the ventral sucker. Their ducts .pass anteriorly 
and open to the exterior at the anterior end of the body. These glands 
stain deeply with neutral red but in the same general region there ap- 
pear to be other glands that do not absorb this stain. From ten to 
fifteen cystogenous glands are scattered irregularly through each half 
of the body. 

The reproductive system is well developed. The two testes have 
slightly lobed or smooth margins and are located in the posterior one- 
third of the body. The ovary lies slightly to the right of the mid-line 
between the anterior testis and the ventral sucker. The accessory repro- 
ductive structures are not readily distinguishable. 

The excretory bladder is a conspicuous, tubular sac which extends 
from the posterior end of the body to a short distance in front of the 
ventral sucker. It contains numerous, refractile, discoid concretions 
whose lines of accretion may be clearly seen under the oil immersion 
lens. At the posterior end of the bladder there is a muscular sphincter 
about 0.006 mm. long by 0.005 mm. wide. The excretory pore opens 
dorsoventrally. The ciliated, main collecting tubes arise from the ex- 
cretory bladder at the level of the testes and pass cephalad as far as 
the level of the anterior margin of the ventral sucker before each 
divides into an anterior and a posterior secondary collecting tube which 
supply their respective regions of the body. The secondary tubes di- 
vide into capillaries which end in flame cells. There are 24 flame cells 
on each side of the body which appear to be arranged in groups of 
threes. However, one of the capillaries of each group joins the sec- 
ondary collecting tube independently of the other two. 

The cercariae emerge both diurnally and nocturnally and are photo- 
negative. They swim rapidly about by lashing the tail. 


The Metacercaria 


The cercariae were observed to penetrate and encyst in the triclad 
turbellarian, Procerodes warreni, and in spionid worms. The tail is 
shed in the process of penetration. These experimental hosts may not 
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be the natural ones, particularly Procerodes which is found in rocky 
regions which are not the habitats of the flatfish. The metacercaria 
does not increase much in size but the reproductive systems become more 
mature. 


The Adult (Fig. 1) 


Natural infections of Lepocreadium setiferoides were found in most 
of the small flounders and sand dabs so that suitable experimental ani- 
mals, known to be uninfected with this parasite, were not available. 
However, the founders were fed infected Procerodes and spionids over 
a period of about one month and various stages of development from the 
metacercarial to the adult were obtained. The following description and 
measurements are based upon observations of 35 preserved worms. 
The cuticula is covered with scale-like spines about 0.005 mm. long at 
the anterior part of the body but somewhat smaller at the posterior end. 
The body length varies from 0.35 mm. to 0.58 mm. with an average of 





EXPLANATION OF PLATES 


All drawings except Fig. 7 were made with the camera lucida. 
Abbreviations used: 


C cephalic gland 

CG _ cystogenous gland 
CS cirrus sac 

E esophagus 

EB excretory bladder 
EC excretory concretion 
EG egg 

ES eyespot 

F flame cell 

G_ genital primordium 
GB germ ball 

I intestine 

L lappet 

O ovary 

OS oral sucker 

P 

PP prepharynx 
SE seta 

SP sphincter 

T testis 

V = vitellaria 

VR vitelline reservoir 
VS ventral sucker 


DESCRIPTION OF PLATE | 


All figures concern Lepocreadium setiferoides. 
Fic. 1. Ventral view of adult. 

Fic. 2. Young redia showing germ balls. 

Fic. 3. Ventral view of cercaria. 
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0.43 mm. The body width varies between 0.19 mm. and 0.35 mm., 
averaging 0.26 mm. The oral sucker is approximately circular and 
averages about 0.077 mm. in diameter. The mouth opens into a very 
short prepharynx. The pharynx averages 0.045 mm. in length by 
0.043 mm. in width. The intestine bifurcates in front of the ventral 
sucker and the intestinal ceca extend to near the posterior end of the 
body. 

The vitellaria extend from the anterior margin or the middle of the 
pharynx to the posterior end of the body where they may become con- 
fluent. Vitelline ducts carry the yolk material to a reservoir located 
near the ovary. The ovary is located to the right of the mid-line of 
the body between the anterior testis and the ventral sucker. It is oval 
in shape and averages about 0.04 mm. by 0.044 mm. A short Laurer’s 
canal opens to the exterior on the dorsal surface of the body. The 
seminal receptacle is spherical in shape and approximates the size of the 
ovary although its size varies considerably. The uterus coils between 
the anterior testis and the ventral sucker to open at the genital pore to 
the left of the anterior margin of the ventral sucker. The eggs are 
few in number and very large in proportion to the size of the worm. 
Their length varies from 0.05 mm. to 0.11 mm., averaging 0.066 mm. ; 
their width varies from 0.04 mm. to 0.073 mm., with an average of 
0.07 mm. 

The two testes are obliquely arranged in the posterior half of the 
body. They are oval in outline with smooth or lobed margins. The 
right testis averages 0.066 mm. by 0.076 mm. while the left testis av- 
erages 0.07 mm. by 0.074 mm. The cirrus sac is oval in outline and 
extends from the genital pore to a point slightly posterior to the ventral 
sucker. The cirrus is tubular and slightly coiled. The prostatic cells 
are few in number. A seminal vesicle is located in the posterior part 
of the cirrus sac and in a few worms slight dilatations of the ductus 
deferens were observed external to the cirrus sac. 


DIscussION 


Miller and Northup (1926) described the cercarial stage of this 
trematode as Cercaria setiferoides, stating that it was similar to C. seti- 
fera Miller, 1850 (described by Monticelli, 1914, and redescribed by 
Odhner, 1914). Palombi (1932, 1934b) has shown that Monticelli 
described several setiferous-tailed cercariae under the name, Cercaria 
setifera. A number of workers, including Villot (1875, 1879), Fewkes 
(1882), Huet (1891), Giard (1897), Odhner (1911), Dollfus (1925), 
and recently, St. Markowski (1936) and Hopkins (1937), have de- 
scribed setiferous-tailed cercariae. Some of these larvae have Y-shaped 
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excretory bladders and probably belong to the genus Bacciger as shown 
by Palombi (1934a). The setiferous-tailed cercariae described by Hop- 
kins develop into adults belonging to the genera Anallocreadium and 
Microcreadium. It thus appears that the presence of setae on the tail, 
like many other characteristics of cercariae, is merely a larval adapta- 
tion with little phylogenetic significance. Palombi (19346) has shown 
that one of the setiferous-tailed cercariae described by Monticelli de- 
velops into the adult trematode, Lepocreadium album. This parasite 
utilizes Nassa mutabilis and Conus mediterraneus as the first inter- 
mediate host, Aplysea punctata, Tapes decussatus and T. aureus as the 
second intermediate host, and Blennius gattorugine as the definitive host. 
All of these hosts differ from those in the life cycle of L. setiferoides. 
The adult L. setiferoides has not been previously described. It is most 
like Lepocreadium ovalis Manter, 1931, found in the intestine of the 
pinfish, Lagodon rhomboides, collected at Beaufort, N. C. The body 
of L. setiferoides is about half as large as that of L. ovalis, while the 
eggs are about the same size. Manter does not give the dimensions of 
the pharynx or a description of the excretory bladder, the latter organ 
being very conspicuous in L. setiferoides. 

Lepocreadium setiferoides may be of some economic importance 
since it parasitizes a food fish. These parasites have been found in 
very small flounders and a young animal generally is more susceptible 
to the injurious effects of parasitism than an older animal. However, 
larger flounders, six to eight inches or more in length, rarely appear to 
be infected. This probably explains the fact that Linton did not find 
this species in his extensive study of fish parasites. 


CERCARIA CUMINGIAE N. Sp. 


This trematode develops in sac-shaped sporocysts in the digestive 
gland of Cumingia tellinoides. Approximately 4 per cent of 175 Cu- 
mingia were found to be infected. 


The Sporocyst (Fig. 5) 


The sporocysts are simple, sac-shaped or tubular structures having 
at each end a concentration of cells that stain deeply with paracarmine. 
Otherwise, the walls of the sporocyst are very thin. Young sporocysts 
containing no germ balls or cercariae are approximately 0.20 mm. in 
length by 0.09 mm. in width. Older sporocysts containing 12 to 18 
germ balls and cercariae are 0.58 mm. in length by 0.09 mm. in width, 
indicating that the growth of the sporocyst is principally in length. 
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All figures concern Cercaria tellinoides. 
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Ventral view of metacercaria removed from cyst. 
Young sporocyst containing a cercaria. 

Ventral view of cercaria. 

Lappet from tail of cercaria (diagrammatic). 
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The Cercaria (Fig. 6) 


Spination is limited to the cuticula of the anterior half of the body 
and a small area on the ventral surface near the posterior end. The 
body is oval in outline, varying in length and width with the degree of 
contraction. There are two conspicuous eye spots on the dorsal surface 
near the level of the pharynx. The oral sucker is subterminal and 
slightly smaller than the ventral sucker which is located in the mid- 
ventral region of the body. The ventral sucker bears about three rows 
of papillae. Immediately lateral and anterior to the ventral sucker 
there are four cephalic glands that stain deeply with neutral red. The 
ducts from these glands pass anteriorly to open externally on the ante- 
rior margin of the oral sucker. 

The oral sucker is followed by a short prepharynx, a bulbous 
pharynx, a well-developed esophagus, and short intestinal crura which 
do not extend posterior to the ventral sucker. The short posterior 
extension of the intestinal branches is a rudimentary condition since they 
reach almost to the posterior end of the body in the metacercaria. 

The excretory bladder is simple and sac-shaped and its wall is 
composed of a single layer of large granular cells. From the ante- 
rior portion of the bladder, the main collecting tubes pass laterally 
and anteriorly on each side of the body to the level of the ventral 
sucker where each divides into two secondary tubes, one of which ex- 
tends anteriorly, the other posteriorly. Each secondary tube receives 
the capillaries of two pairs of flame cells so that the excretory formula 
equals 2[(2 + 2) + (2+2)]. 

The reproductive system is represented by an undifferentiated mass 
of cells located between the excretory bladder and the ventral sucker. 

The tail of the cercaria is unusual in that it possesses, on each side, 
a row of cup-shaped lappets which are about 0.005 mm. long and can 
be raised to stand out at right angles to the tail or may be folded back- 
ward flat against the tail. There are fifty-two lappets on each side of 
the tail including the proximal first two which are not well developed. 
They may give the tail the appearance of being annulated. 

Measurements in millimeters of cercariae killed and fixed under light 
cover-glass pressure are as follows: body length 0.1; width 0.06; oral 
sucker 0.026 by 0.027; ventral sucker 0.026 by 0.03; pharynx 0.01 long 
by 0.012 wide; eye spots 0.01 in diameter; tail, length 0.095 to 0.15, 
width 0.014 to 0.018. Measurements of living material give somewhat 
higher values. 

In emerging from the host, Cumingia tellinoides, the cercariae are 
expelled through the excurrent siphon. They swim about in the sea 
water with the body folded upon itself and the tail describing figure- 
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eight movements pulling the body along. The larvae show a definite 
negative response to light. When one side of the finger bowl receives 
more light than the other, the cercariae swim directly to the region of 
lesser illumination. They are frequently carried back into the clam 
by the sucking action of the incurrent siphon. Upon coming in contact 
with the tissue of the siphons or foot of the clam, they quickly lose their 
tails, penetrate the tissue and encyst. The siphons may become so filled 
with cysts that portions of them are detached. These infected pieces of 
siphons may retain their ability to move, simulating the motion of anne- 
lids, and thereby attracting the attention of fishes. This detachment of 
portions of the siphons seems to be partially autotomous and partially 
due to the rupturing of the siphon tissue by the metacercariae. Occa- 
sionally, Cumingia were found to be naturally infected with this meta- 
cercaria but with a fewer number of cysts than in experimental infec- 
tions. 


The Metacercaria (Fig. 4) 


The young metacercaria is similar to the cercaria in most respects 
but certain changes occur with an increase in age. These changes in- 
clude: the loss of the tail when penetrafion takes place; the disintegra- 
tion of the eye spots; the elongation of the intestinal ceca so that they 
extend to near the posterior end of the body ; the increase in the number 
of cephalic glands to four on each side of the body ; and some differenti- 
ation of the genital ducts. The excretory system is the same as in the 
cercaria except that the excretory bladder is relatively smaller in the 
metacercaria. Measurements in millimeters of metacercariae removed 
from their cysts and flattened under light cover-glass pressure are as 
follows: average body length 0.195; average body width 0.088; oral 
sucker 0.031 by 0.032; ventral sucker 0.029 by 0.032; pharynx 0.018 
by 0.021. 

Specimens of Cumingia were experimentally infected with meta- 
cercariae and then segregated for varying periods of time up to two 
weeks to allow the metacercariae to mature. These infected Cumingia 
were fed to specimens of Fundulus and Paralichthys. Upon subse- 
quent examination, no worms were found in the Fundulus but from 
the intestine of one flounder over fifty small worms were recovered and 
definitely found to have developed from the metacercariae that were 
experimentally fed. Control fishes were negative for this species. The 
worms recovered had not developed sufficiently from the metacercarial 
stage to determine, with accuracy, the characteristics of the adult. 
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DISCUSSION 


Although Fundulus and Paralichthys did not serve as favorable 
definitive hosts, it is believed that some fish is involved in the life cycle 
of this trematode. This is suggested by the fact that Cumingia is a 
bottom-dwelling form, and since the siphons can be protruded some 
distance from the shell, they could be bitten off by fishes. In addition, 
the anatomical characteristics of this trematode suggest that it belongs 
to the family Allocreadiidae, the members of which, with few excep- 
tions, are parasites of fishes. 

The relationship of this species to other trematodes is uncertain 
since its life cycle is incompletely known. However, the arrangement 
of the principal excretory tubes, the sac-shaped excretory bladder, and 
the position of the genital primordium, suggest affinity to the family, 
Allocreadiidae. ‘The cercaria has certain characters in common with 
Cercaria myocerca Villot, 1879, from Scrobicularia tenuis. Both of 
these larvae have the simple, sac-shaped type of excretory bladder. 
This seems rather significant since C. myocerca is a marine form with 
a setiferous tail and all other described species of setiferous-tailed 
marine cercariae have either a Y- or U-shaped, or a long tubular ex- 
cretory bladder. Both species have eye spots. The molluscan host of 
C. myocerca is Scrobicularia tenuis which belongs to the same family as 
Cumingia. 

SUMMARY 


The life cycle of Lepocreadium setiferoides (Miller and Northup) 
has been experimentally traced. The rediae and cercariae develop in 
the snail, Nassa obsoleta; the cercariae encyst in annelids of the genus 
Spio and the turbellarian, Procerodes warreni; and the adult worm de- 
velops in the intestine of sand dabs and flounders. The structures of 
the various stages in the life cycle are described. 

The anatomical features and most of the life cycle of Cercaria cu- 
mingiae n. sp. are described. The sporocysts and cercariae develop in 
the digestive gland of the bilvalve, Cumingia tellinoides. The cercariae 
encyst in the siphons, foot, and other organs of this mollusk. The 
adult worm probably develops in some fish. From the nature of the 
excretory bladder, the flame cell pattern, and the location of the genital 
primordium, it is believed that this trematode belongs to the family 
Allocreadiidae. 
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AN EXPLORATORY INVESTIGATION OF THE SELECTIVE 
VALUE OF CERTAIN GENES AND THEIR 
COMBINATIONS IN DROSOPHILA * 


JEAN BRIERLEY 2 
(From the University of Michigan, Ann Arbor, Michigan) 


The viability and vitality of fruit flies have interested geneticists 
ever since certain mutant stocks were found to be weaker in a num- 
ber of ways than the wild stocks from which they had arisen. As 
Timoféeff-Ressovsky (1934) states, vitality of an organism is an in- 
definite quality to measure. It consists of a number of different factors 
such as duration of life, fertility, adaptability, mortality rate, resistance 
to disease, immunity, etc., only a few of which can be weighed and 
compared objectively. Fertility has been studied in several different 
ways. Saveliev (1928) and Timoféeff-Ressovsky (1933) have com- 
pared the total number of eggs or offspring; Liters (1935) has studied 
deviations from the expected 1:1 sex ratio; Timoféeff-Ressovsky (1933 
and 1934) and Csik (1935) have examined the alteration of 1:1 back 
cross ratios ; and Timoféeff-Ressovsky has also considered the mortality 
occurring between the egg and adult stages in the life history of Dro- 
sophila. Pearl, Parker, and Gonzalez (1923), Gonzalez (1923), and 
Liiers (1935) have studied life duration as a criterion of viability by 
comparing life spans of males and females together or separately in 
different stocks. Comparing the life durations of males with that of 
females of the same stock has been done by Pearl and Parker (1924) 
and Liters (1935). 

Gonzalez (1923) found that different combinations of the second 
chromosome mutations black, purple, vestigial, arc, and speck had dif- 
ferent effects on the longevity of the flies, and that one mutant gene 
added to a poor stock might improve it considerably. Other reports of 
similar circumstances are: an example of the combination of black and 
curved producing greater numbers of offspring than either stock alone, 
found by Bridges and Sturtevant (1914) ; a “ white” mutant produced 
by heat which showed greater viability than the wild from which it 
arose, very briefly reported by Jollos (1932); and a gene for trans- 

1 Contribution from the Department of Zodlogy, University of Michigan. 

Calculations for this paper were made with a calculating machine loaned to 


A. Franklin Shull by the Trustees of the Elizabeth Thompson Science Fund. 
2 Now of Texas State College for Women, Denton, Texas. 
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parent eye which, when combined with it, improved a weakening effect 
produced by a gene for eye color in Ephestia, investigated by Kiihn 
(1932) and Kithn and Henke (1929-1932). Other instances of genes 
influencing viability in different ways and to varying degrees have 
been worked out for several different gene combinations. Timoféeff- 
Ressovsky (1934) worked on Drosophila funebris, and with the genes 
eversae, singed, venae abnormes, miniature, lozenge, and bobbed. Csik 
(1935) showed the interactions of Lobe?, Minute-173, and plexus to 
produce differences in fertility in Drosophila melanogaster. Gonzalez 
(1923), Csik (1935), and Liters (1935) have shown quite conclusively 
that the factors which influence fertility and longevity (viability) of 
flies are the manifestations of the already known genes and their inter- 
actions, not unknown lethal genes. 

In 1933 I became interested in the question of whether such oc- 
currences were common, or at all general, and set out to test several 
combinations of genes in Drosophila melanogaster. Because I was 
chiefly interested in the way these combinations of genes might influence 
the survival value of the flies, the experiments were arranged to show 
not only comparative fecundity in different genotypes, but also compara- 
tive rapidity of production. 

It is well understood that the rapidity with which offspring are 
produced is of great importance for the survival of the species. In this 
study, rapidity of production was measured in terms of the length of 
time between generations. This is the time that elapses between a 
parent’s reaching the reproductive period and the mean time at which 
all of her offspring become mature, and is a function of the number of 
individuals in the family and the period in the lifetime of the parent at 
which they were produced. Selective value of a genotype consists not 
only in rapidity of production, but in the size of the family as well. 
Consequently, these two variants have been expressed together in the 
term Selective Index (S). S is used to represent the value in an 
evolutionary sense of flies of each genotype; and since this value varies 
directly as the number of offspring they produce, and inversely as the 
length of time between generations, it is the ratio of the former to the 
latter (mean number of offspring/mean time between generations). 

I wish to express the deepest gratitude to Professor A. F. Shull not 
only for suggesting the problem but for furnishing invaluable help 
throughout its progress. 


METHODS 


Drosophila melanogaster was selected as the experimental animal, 
and in the three years during which the experiments were conducted, a 
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total of nineteen different mutations were examined. Which of the 
hundreds of known mutations were to be studied was decided largely 
by chance and to some extent by the results of Gonzalez’s work (1923). 
The nineteen mutant stocks used were: black, brown, claret, Curly, cut®, 
Dichaete, eosin, eyeless, glass, hairy, miniature, purple, roughoid, scarlet, 
sooty, vermilion, vestigial, white, and yellow. Flies were kept in 70-cc. 
vials at constant temperature of 25° C. and fed on standard cornmeal- 
agar-molasses food medium. 

Sixteen experiments were completed between November, 1933 and 
January, 1937. For all of these except the third, stocks were prepared 
from three mutant genes and their various combinations. Thus eight 
stocks were used, consisting of three single mutant stocks, three with 
two mutant genes, one with three mutations, and wild as a control. 
Experiment 3 differed in that six different mutant genes were combined 
with vestigial singly, so that the eight stocks consisted of the vestigial 
stock and six stocks with two mutant genes one of which was vestigial, 
plus wild. Experiment 1 and its repetition 1a combined the genes y, w, 
and Cy; Experiment 2 combined the genes bw, D, and st; Experiment 3, 
the genes, y, w, v, st, ca, and ey individually with vg; Experiment 4, vg, 
bw, D; Experiment 5, y, pr, vg; Experiment 6, w*, vg, e*; Experiment 
7, y, ct®, gl; Experiment 8, m, b, gl; Experiment 9, w*, vg, gl; Experi- 
ments 10 and 10a, w*, pr, vg; Experiment 11, ct*, b, st; Experiments 12 
and 12a, m, pr, st; and Experiment 13, ru, h, e*. Experiments 1, 10, 
and 12 were repeated because of what was believed to be abnormality 
in one of the eight stocks. 

In October, 1934, a process of “ purification” was begun in several 
of the stocks which were to be used later in the experimental work. The 
method was patterned after one recorded by Timoféeff-Ressovsky (1933 
and 1934), the purpose of which was to get all the mutant genes into 
as nearly as possible the same genetic environment, so that all flies 
would be essentially similar in all genes except the one for which the 
stock was named. This process was maintained continuously until the 
end of the experimental work, and those flies used in making up stocks 
for individual experiments were taken from these purifying stocks at 
various times. Of the nineteen stocks named, brown, claret, Curly, 
Dichaete, eyeless, vermilion, and white were not purified at all before 
using. Several of the stocks were not added to the purification process 
until the summer of 1935. Consequently flies in different experiments 
were purified for different lengths of time, varying from five genera- 
tions to fifty-three generations. 

The procedure in a single experiment was to use five vials for each 
stock, each containing one female and two males not more than twelve 
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hours old. Single females were used rather than group matings, in 
order to show individual variations of the females. All forty vials were 
prepared and the flies added at the same time, in order to keep external 
modifying factors as nearly equal as possible. For the same reason the 
forty vials were kept in close proximity, and all flies were transferred 
at the same time. On the second day, fourth day, sixth day, etc., after 
the experiment was begun, all parent flies were transferred to new vials, 
until the females died. The original vials in an experiment were 
designated “a,” the vials into which the flies were transferred the first 
time “ b,” the third vials in the series “c,’ and so on. If a male died 
he was replaced, so that there was the same number of flies in each 
vial at all times. 

The technique used was not constant throughout the sixteen experi- 
ments. In the first eight experiments only one male was regularly used 
in each vial, but in Experiment 8 a second male was added to each vial 
in which no eggs had been produced by the eighth day. In all later 
experiments two males were kept in each vial, because it had been found 
that a female would sometimes mate with a second male when she had 
not successfully mated with the first one. 

The first flies to emerge in a vial appeared sometimes on the eighth 
day after the parents were put into the vial, sometimes on the ninth, and 
often on the tenth day. All vials in one experiment were counted on 
the same day. Thus every vial was not counted on the first day that 
flies emerged therein. But after the first count flies were counted in 
each vial every forty-eight hours until five counts had been recorded. 
Some flies remained in the vials for two days (those that emerged later 
in the day on which the count was made), so that some of the population 
removed on the second day thereafter were old enough to have laid eggs. 
Consequently, there was the possibility of an F, generation emerging in 
the same vials any time after the tenth day. 

It was determined by special treatment of the beginning of Experi- 

“ment 9 that only 0.95 per cent of the flies emerging in the first four 
sets of vials were omitted by discontinuing counting after the fifth count. 
It is not likely that even this small percentage was omitted in all experi- 
ments or even later on in this particular one, because as parent flies 
grew older their offspring tended to emerge earlier, and also tended to 
be more concentrated in the first few counts, than earlier in the experi- 
ment. 


RESULTS 


The age of each female at death, the number of her offspring, and 
the length of time between her generation and that of her offspring was 
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calculated, then a mean of each taken for each group of five females of 
the same genotype. For instance, the mean life span of the white-eyed 
females in the first experiment was 21.75 days, their mean production 
was 501.2 offspring, and the mean time between generations was 20.43 
days. Those females that produced no offspring were included in the 
means although there is some possibility that they were not behaving as 
they would have done in a natural population. But since so little is 
known about the irregularities involved, and no special study of them 
was made in this research, it could not be assumed that they were 
abnormal enough to exclude them from comparison with others of their 


genotype. 
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Fic. 1. Mean production curve of 593 females. 


Because of accidental deaths and escapes the exact life span of some 
females was not known. In some instances in which a female’s age 
could not be ascertained, her record up to the time of her escape showed 
that she would probably have produced no more offspring. There is a 
normal curve of production, which shows very clearly on the charts 
recording numbers of offspring in two-day periods. A rapid increase 
in the totals of the first few counts is followed by a gradual decline 
which may continue for many days, but gradually tapers off to zero. 
Figure 1 represents the mean of all recorded production curves. Sev- 
eral females laid eggs even after their production curve for offspring 
had dropped to zero, but these eggs did not hatch. In any case, if a 
female had not laid fertile eggs in three successive vials, her family 
was considered complete. It is well known that Drosophila females 
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often live beyond their egg-laying period (Hanson and Ferris, 1929; 
Shapiro, 1932). Very few of the flies in these experiments laid eggs 
in the last several days of their lives, and many of them lived for many 
days after egg-laying had ceased. The families of escaped females, if 
the production curve showed that they were complete, were considered 
comparable to those more completely known, and were included in the 
means. If, however, a female escaped during her productive period, it 
was assumed that her family was still incomplete, and the number of 
her offspring up to the time of her escape was not included in the mean 
of that group. 

Individual females showed wide differences among themselves both 
in length of life and in numbers of progeny. In any one experiment 
females supposedly identical genetically showed wide variations, and 
the same is true of females of the same genotype from different experi- 
ments. 

A source of error in comparing the production of individual females 
may be in assuming that they all mated equally and that the mate of each 
was equally capable of fertilizing all of her eggs. Guyénot (1913) 
showed that when a female’s supply of spermatozoa is exhausted, her 
egg-laying stops for a time and then may continue, but unless a new 
mating is accomplished these eggs are infertile. Castle, Carpenter, 
Clark, Mast, and Barrows (1906), Hyde (1914 and 1924), and Lutz 
(1914) also found that a female must mate more than once if all her 
eggs are to be fertile. The females in this investigation, at least those 
prior to Experiment 9, were under unnatural circumstances in so far 
as mating possibilities were concerned, because if their single mates 
were incapable of fertilizing all their eggs, their families would be 
smaller than they would have been if new matings could have been made 
later in life. There are only three females from these experiments 
which were obviously affected in this way, though there were probably 
others affected to some lesser degree. In the first experiment no males 
were replaced. Consequently the drop in a female’s production after 
the death of her mate can be demonstrated. Table I presents the num- 
ber of offspring produced in successive vials, by three females whose 
mates died early in their lives, compared with the mean number of 
offspring for the same period, from their sisters whose mates survived. 
The means were computed from all females of one genotype which had 
mates ; consequently the three named females were included in the means 
until they were without mates. Means in whole numbers were consid- 
ered accurate enough for the purpose of Table I. The heavy vertical 
lines dividing the three families represent the points at which the males 
died. After this time the female was alone in the successive vials. It 
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will be seen that the number of her offspring in the two-day period 
directly following the death of her mate was for all three females nor- 
mal. That is, the reduction in family size did not begin to manifest 
itself until the third day after the absence of the male. None of the 
females from which the means were drawn had as short productive 
periods as the three illustrated. One of the yellow white females ceased 
production in the “1” vial, and the other white and Curly females all 
continued producing at least through the “i” vials. 

Many females went on producing offspring at the normal rate after 
their mates had died and had been replaced. Several females’ produc- 
tion diminished in the counts immediately following such a change, then 
rose again to the level that was expected for their stage in the produc- 
tion curve. The explanation is probably that the female did not mate 
immediately with the new male. When a new male was added to a 
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vial to replace a loss by death and the female’s production decreased, 
just as happened in the three cultures illustrated, it could be surmised 
that they had not mated. In Experiment 3, one of the vestigial eyeless 
females illustrates a similar phenomenon. She laid no eggs during the 
first eight days of the experiment, but when a new male was added she 
produced 86 offspring within the next six days and continued thereafter 
in quite a normal way. In several vials in which the flies proved entirely 
sterile they were seen mating, so the fault was not always merely that 
they did not mate. These illustrations all contribute to the probability 
that the cultures were not all comparable in this regard, and that a 
number of the 99 females which were apparently sterile might have 
become productive if a suitable male had been present. 

In determining the number of offspring produced by each female, 
no record was made of those that died in any of the immature stages 
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of development. Those which did not live to reach the reproductive 
period could have no influence on the length of time between genera- 
tions. Consequently, differences between the families of different fe- 
males rest only on those offspring which reached adulthood. 


Comparisons of Wild Females and Vestigial Females 


The age records of the 75 wild females studied in this investigation 
varied from 3.25 to 57.75 days. The mean age at death of all 75 was 
26.21 + 1.42 days. Mean life spans of wild-type females of stocks 
used by other Drosophila workers have been reported as follows: Hyde 
(1913), 34.5 days (from a study of 97 females); Lutz (1914), 26.4 
days (unmated females); Pearl and Parker (1922), 38.8 days (“ex- 
pectation of life”); Gonzalez (1923), 40.62 + 0.42 days; Pearl and 
Parker (1924), 48.0 days; Alpatov (1930), 49.11 + 0.50 days; Gowen 
(1931), 33.1 + 0.6 days; Liters (1935), 20.1 + 0.5 days. Pearl and 
Parker (1922) isolated several different “ lines” of wild flies and found 
their longevity to differ considerably (from 22.04 + 1.57 to 50.02 + 
0.85). 

The ages of the 34 vestigial females varied from 47.75 days to 1.25 
days, and the mean was 20.26 + 1.63. Gonzalez (1923) found the 
mean of vestigial females from his stock to be 20.98 + 0.4; Pearl and 


Parker (1924) found it to be 19.8 days; Hanson and Ferris (1929) 
found 20.13 days; Liters (1935), 18.9 + 0.2 days; Carver (1937), 28 
days (average of 51 females). The numbers of females of other mu- 
tant stocks were not large enough to be employed in such comparisons ; 
moreover, no other stocks have been measured as frequently by other 
workers as have these two. 


t Selective Index 


The number of parent flies of each genotype in these experiments is 
too small to be used in computing reliable means either of fecundity or 
of longevity. Consequently, although the mean number of offspring is 
used in deriving the selective index, this figure must be considered as 
applying only to these particular flies and not to flies of these genotypes 
in general. The means used in calculating S for all the genotypes that 
were tested are those of fecundity and of time between generations, 
already mentioned. 

The selective indices of all groups of flies which involved a particu- 
lar gene and its combinations with other genes have been selected from 
the sixteen experiments and treated in such a way as to isolate the effect 
of that gene. To use the gene for black as an example, the S of the 
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black flies was compared with the S of the wild control flies. When 
such a comparison was made in Experiment 8, S for black flies proved 
to be 2.01 times S for wild. These two stocks are supposedly identical 
except for the genes at the black locus. This comparison, then, should 
show whether the mutation from d* to b is of survival value to the flies. 
But in Experiment 11 the index for the same mutation (>) was only 
0.14 times that for the wild flies. Such a discrepancy is probably caused 
by the individual differences of the twenty females involved. 
Similarly the S of miniature black flies can be compared with the S 
of miniature flies, which are presumably identical except for the gene 


TABLE II 


Mean ratios of selective indices for all genes studied, arranged in order of magnitude 


Mean 
Ratio 
of S’s 


2.57 
2.14 
1.80 
1.76 
1.75 
1.65 
1.57 
1.41 
1.15 
1.14 
1.09 
1.08 
1.04 


at the locus b. All such comparisons of flies carrying the gene b with 
flies identical except for this one gene were grouped together and the 
mean derived. The mean of all ratios comparing b flies with b* flies is 
taken as the value of b in comparing it to the other mean ratios of S’s, 
derived by a similar process, for each of the other genes used. Flies 
carrying the genes v, ca, and ey could be compared only once to flies 
with their wild-type alleles because they were used only in Experiment 3 
which was carried out differently from the rest. Consequently their 
values, derived from ratios of S’s, are hardly comparable with those of 
the other sixteen genes. 

In Table II are summarized all the mean ratios for § arranged in 
order of magnitude. Ca, ey, and v are included for the sake of com- 
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pleteness. Curly appears at the top of the scale, but it should be 
pointed out that it was tested in only two experiments (1 and its 
repetition la), and that in one of these the yellow flies were abnormally 
poor (compared to their performance in other experiments), making 
the ratio of y Cy to y flies very high. If this one ratio is omitted, and 
the mean derived without it, Curly drops to 1.29. White likewise is 
raised to its high rating because of the defective yellow flies in Experi- 
ment 1. Omitting that one ratio of 10.42, the mean ratio of white falls 
to 1.11. Hairy is even less secure than these two in its position, be- 
cause its mean is drawn from only four ratios, all in Experiment 13. 
In the strictest sense, brown, claret, Curly, Dichaete, eyeless, vermilion, 
and white should not be compared on the same scale with the genotypes 
that had been purified. But eosin, purple, glass, miniature, sooty, and 
cut® at least, are comparable for the purpose of this table, and scarlet, 
vestigial, and yellow also, except for a few of their ratios which involve 
unpurified genes. 


Gene Combinations 


A few genes have been brought to light whose interactions have a 
decided effect on the survival value of their bearers. Scarlet and purple 
are the most striking example of this phenomenon. In Experiments 12 
and 12a their effects, measured by their selective indices, are parallel: 


st br st 
7.80 39.42 
4.59 36.35 


Thus the value of the two genes together seems to be far superior to 
either one alone. Other examples of the same type of interaction are: 
y and Cy in Experiment 1, y and w in Experiment 1, vg and bw in 
Experiment 4, y and pr in Experiment 5, vg and gi in Experiment 9, 
and m and st in Experiments 12 and 12a. It should be pointed out 
that in the repetition of Experiment 1 the interactions of y, w, and Cy 
are not at all parallel to those given for Experiment 1, in which it is 
believed that the yellow flies were defective. 

The following are combinations in which a third gene, interacting 
with a combination of two, brought about a higher S than either geno- 
type had before being combined: y Cy and w in Experiment la, bw D 
and vg in Experiment 4, w* vg and pr in Experiment 10a, and ru h and 
e* in Experiment 13. The examples from Experiment la and 10a are 
not substantiated in their parallel experiments, 1 and 10. 
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There are many more examples from these experiments in which a 
gene with low selective value is combined with one of higher value, the 
interaction producing a selective value intermediate between the two: y 
and Cy in Experiment la, w and Cy in Experiment la, vg and D in 
Experiment 4, vg and pr in Experiment 5, vg and w* in Experiment 6, 
e* and w* in Experiment 6, y and gi in Experiment 7, vg and w* in 
Experiment 9, gi and w* in Experiment 9, pr and vg in Experiment 10, 
pr and w* in Experiment 10a, ct® and st in Experiment 11, b and st in 
Experiment 11, m and pr in Experiment 12a, e* and h in Experiment 
13, and e* and ru in Experiment 13. There are several examples of 
the latter type of reaction in which a third gene is added to a combina- 
tion of two, the resulting flies being intermediate in selective value. 

There are a great many examples of flies which had definitely lower 
value brought about by the interaction of genes. In this class belong 
not only flies carrying two mutant genes whose selective value was 
lower than flies carrying only one of the two, but those whose value 
was lower than a combination of two when a third gene was added. 
This type of interaction may be found in practically every experiment. 

Combinations of scarlet and purple, brown and vestigial, and yellow 
and purple seem to be the most advantageous to flies in so far as their 
survival value is concerned. Scarlet and purple were combined with 
the same favorable results in two experiments, whereas the other two 


combinations were tested only once. In combinations of genes which 
result in flies intermediate in S between the values of the components, 
we may look upon one as an advantageous influence and the other dis- 
advantageous. Thus eosin, purple, and scarlet, and less often glass and 
Curly seem to belong in the category “ advantageous influence,” and 
black, miniature, cut*, sooty and less obviously yellow and vestigial seem 
to be most often “ deteriorating influences.” 


Discussion 
Interaction of Genes 


In this investigation there is some evidence ,that certain combina- 
tions of two genes produce flies of higher selective value than does 
either gene alone. If such indications can be seen from a study in 
which only nineteen genes were tested, it must be a rather general 
phenomenon, and a continuation of this sort of study should uncover 
more such circumstances. In this preliminary exploration of the field, 
at least three genes have been found that seem to carry their “ good ” 
influence into combinations with genes of weakening influence, and to 
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bring about improvement in survival value of those flies. Purple in 
Experiment 5 and eosin in Experiment 6 are the most outstanding ex- 
amples of this phenomenon. In Experiment 9 eosin, in combination 
with vestigial and glass, stands out as an advantageous influence again ; 
and in Experiments 12 and 12a purple shows the same effect. But in 
Experiments 10 and 10a purple seems to be a weakening influence, and 
vestigial advantageous. Eosin in combination with vestigial, here, is 
very much lower than either alone. Whether this indicates that eosin 
is erratic in its “ good” influence, or that something had happened to 
the purple stock, or whether all stocks were in a state of depression at 
the time these experiments were in progress, is not known, but it is 
true that two of the lowest values of S for the wild control stocks oc- 
curred in these two experiments (as shown in Fig. 3). 

Glass, tested in three experiments, is sometimes in the role of 
“ good ” influence, sometimes not. Its advantageous tendency seems to 
be overbalanced by the damaging influence of the genes black, cut*, and 
miniature. Scarlet likewise is not at all consistent, but does exert an 
advantageous influence on these three detrimental genes. Curly, al- 
though tested with only white and yellow, does seem to show promise 
of combining to good advantage. 

It is interesting to note that these genes which have just been men- 
tioned as the most advantageous influences discovered, at least in these 
experiments, are the same genes that appear in the majority of the upper 
ranks of Table II. Their high standing in that scale signifies that flies 
with these genes have a better chance of survival in an evolutionary 
sense, than do flies without these genes. 

Vestigial, in all tests except those of Experiments 10 and 10a, ap- 
pears to be a degrading influence, and almost every gene combined with 
it induced improvement in the combination. Black, cut*, miniature, and 
sooty give promise of nothing but detrimental influence on other genes, 
and are practically lethal when combined. These are also the lowest 
four genes as listed in Table IT. 


Variability 


Several factors dictate caution in the drawing of conclusions from 
the results of this research. The most outstanding hindrance is the 
variability of the flies. Females of the same genotype not only varied 
widely in their duration of life, but in their production, and in several 
factors connected with production. 

(1) Numbers of Offspring—Nonidez in 1920 wrote, “the rate of 
egg laying is variable in different females,” and Shapiro (1932) ob- 
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served that “life span, egg laying period, and total egg output varied 
greatly from individual to individual in the various crosses.” Although 
these were studies of egg production the same variation exists when 
reckoned in adult offspring. For the 647 females studied in this re- 
search, environmental conditions such as temperature, moisture, age of 
food, amount and consistency of food, light, ventilation, density of 
population (except for the difference of one male in about half the 
vials), etc., were as uniform as it was possible to make them, yet in 
only seven instances did two females of the same genotype in any one 
experiment have equal life spans and at the same time produce approxi- 
mately equal numbers of offspring. Among 34 other cases in which 
two (or three) females of the same genotype lived equally long (ex- 
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Fic. 2. Offspring production curve of a wild female from Experiment 4. 


cluding pairs of which one member was sterile), differences in produc- 
tion were considerable. The difference in output between the two 
individuals of any of these pairs varied from less than 100 to nearly 
700, and the difference was as variable and as great among the shorter- 
lived pairs as among the longer-lived ones. 

Individual females produced widely different numbers of offspring 
in successive periods of equal length. This form of variation has been 
referred to by other Drosophila workers in the past. Hyde (1913) re- 
ported cyclic production of individual females. Hanson and Ferris 
(1929) had evidence of somewhat the same phenomenon in six of their 
females. Their graphs of daily egg production show the same irregu- 
larities of outline from day to day that my graphs show for production 





488 JEAN BRIERLEY 


of imagos. A curve such as that in Fig. 1, drawn for any one female, 
shows great irregularities in height for successive two-day periods (see 
Fig. 2). Dobzhansky (1935) wrote that “the number of eggs de- 
posited in the same culture on successive days is notoriously variable,” 
but his study was of groups of flies, not individual females. 

(2) Variation of a Single Stock in Several Experiments.—These 
individual variations are probably the chief reason for the difference 
found between groups of five females of the same genotype in different 
experiments. A graphic demonstration of this is the comparison of S 
of wild control stocks in all sixteen experiments. In Fig. 3 the S’s are 
plotted as ordinates and the experiments arranged in their chronological 
order from left to right, spaced in their proper seasons. This arrange- 
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Fic. 3. Selective index of the wild flies in each of the sixteen experiments 
spaced chronologically. 
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ment has been used in order to show that in so far as can be judged 
from a small number of experiments, seasonal variations were not the 
cause of the fluctuations in S. It can be seen that the highest S of all 
occurred in Experiment 4 which was conducted in midsummer, yet 
three of the lowest values of S are from Experiments 10, 10a, and 11 
which were also summer ones. Likewise both high and low S’s occurred 
in fall and winter seasons. 

(3) Time of Development.—Another form of variability occurred 
in the time of development of the flies. The offspring counted in these 
experiments developed from eggs that were laid in 48-hour periods, yet 
the imagos emerged over a period varying from eight days after egg- 
laying began in the vial, to as much as twenty-four days. The latter 
time interval between egg-laying and emerging of the adult could only 
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be measured in the specially treated first part of Experiment 9, where 
the late emerging offspring were saved and recorded. In all other ex- 
periments it could only be certain that offspring were emerging over a 
period as long as ten days. 

(4) Vigor.—Variations in life span were often dependent upon the 
vigor of the flies. Those that were weaker and less active became more 
often caught in the food, and died. The more active ones spent more 
time on the stopper and dry sides of the vial and hence had less oppor- 
tunity of sinking into the sticky food. 

Inequality of Stocks in Amount of Purification.—It was not feasible 
to purify all stocks equally before using them in the experiments. Since 
no stocks had been purified before this study was undertaken, it would 
have entailed too long a delay before the work could be launched, if it 
had been decided to wait until all stocks were sufficiently pure. All 
through the experimental work tests were being performed to see 
whether certain genes could be used together, and until it was known 
whether a stock could be used, in most cases, it was not purified. The 
purification process itself involved so much labor that no more stocks 
could be maintained than were necessary. Consequently some of the 
stocks, those in the first several experiments, were not purified at all, 
and others for different lengths of time. This inequality of stocks de- 
tracts somewhat from their value in comparisons. 


Comparative Reliability of the Several Factors 


Since selective index is theoretically the correct measure of the suc- 
cess of one genotype in comparison to others in an evolutionary sense, 
it is well to consider whether fecundity, length of time between genera- 
tions, or length of life might be substituted for S without serious re- 
duction in reliability of the tests. .Since S takes into account not only 
the number of offspring produced, but also the rapidity with which they 
are produced, it is logically superior to any form of evaluation which 
embraces only one of these qualities. Life duration as a measure of 
advantage or survival value has no correlation with S. This is to be 
expected since length of life has no necessary bearing either on the 
number of offspring or on their rapidity of production. There were 
several females in these experiments which lived longer than average, 
yet produced few or no offspring. 

Time between generations, although the values for it are statistically 
the most reliable of any of the four criteria, is not by itself a valid 
measure of survival value because it often happens that a group of flies 
which has a high mean number of offspring will also have a relatively 
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long mean time between generations. This large total of progeny is 
apt to be distributed over a longer period than is true of another group 
which has small productive capacity. That is, the general shape of the 
production curve for the two groups is the same at the beginning (the 
rapid rise in the first few periods), but for the low fertility group the 
height of the curve usually decreases soon thereafter, gradually and ir- 
regularly, while the curve of the high fertility group not only goes 
higher usually, in the first few counts, but stays high for a longer 
time before declining, or it may decline then rise again to a lesser peak. 
The decline is usually more gradual than in the lower fertility group, 
thus making the mean time of production longer. Thus a genotype 
which had the lowest mean time between generations in one experiment 
often was the least productive stock, and although all of the offspring 
were produced early, there may have been more offspring of another 
stock at that same time, even though the mean time between genera- 
tions of that other population is longer. 

The selective index, which has been introduced as a means of meas- 
uring the value of genes to flies in their survival in an evolutionary 
sense, is more reliable in evaluating the success of different types in 
survival than any of the heretofore measured viability factors. It is a 
numerical value and in order to use it for comparisons between geno- 
types, large numbers of flies must be raised and tabulated, and there 
remains a great deal to be done before wholly reliable conclusions re- 
garding the comparative selective values of any of the Drosophila genes 
can be estimated. I consider the evidence that this investigation offers 
as being at least indicative of what sorts of things may be found when 
more reliable bases of comparison are obtained. 


SUMMARY 


1. A total of 203,159 flies (offspring) were counted in this investi- 
gation. Of this number, 190,318 were the basis of the selective index 
calculations. (The remaining 12,841 offspring were in families which 
were not comparable with the others for several reasons.) 

2. In sixteen experiments a total of 647 females were compared, 
in groups of about forty, in respect to longevity, fecundity, and rapidity 
of production. 

3. A wild-type female in Experiment 7 had the longest life span 
of all (57.75 days), and the longest mean duration of life of any one 
group was exhibited by the five wild females of that same experiment 
(42.25 days). Other groups which ranked comparatively high in lon- 
gevity were the yellow cut® females of Experiment 7, the eosin ones of 
Experiment 6, and the yellow white ones of Experiment 1a. 
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4. The highest fertility record (taking into account only adult off- 
spring) was exhibited by one of the eosin females in Experiment 6 
(1434 offspring). The highest mean number of offspring of any group 
was found in the group of which this female was a member, the five 
eosin females of Experiment 6 (1046 offspring). The yellow purple 
females of Experiment 5 also showed high fecundity. 

5. Selective index, the value of an individual in selection, is calcu- 
lated by dividing the mean number of offspring by the mean number 
of days between generations. This is logically a better criterion of 
value to a race than is either longevity or fecundity. 

6. Nineteen genes and their combinations, mostly in groups of three, 
were compared in respect to selective index. 

7. In general, the addition of a mutant gene to another mutant gene 
or to a combination of mutant genes may (1) raise the selective value 
of the final combination above the value of either of the component 
mutations or combinations taken singly; (2) result in a selective value 
intermediate between those of the component mutations or combina- 
tions; (3) yield a selective value lower than the lowest of the compo- 
nents; or (4) make the selective value practically equal to that of one 
of the components. Some of the more striking examples of these re- 
actions are mentioned below. 

8. Flies which carried eosin, in combination with practically any 
other gene tested, had greater survival value than flies with the same 
genetic composition except for eosin. 

9. Purple and scarlet genes are likewise advantageous, but less con- 
sistently so than eosin. 

10. The genes cut*, black, miniature, sooty, and vestigial have been 
demonstrated to produce a weakening effect when combined with several 
other genes separately. 

11. It has been shown that females go on producing offspring at a 
normal rate for at least two days after the removal of their mates. 
Thereafter the number of offspring falls off rapidly. 

12. Variability of females of the same genotype in production, lon- 
gevity, vitality, and the time of development of their offspring renders 
uncertain the application of the conclusions of this investigation to 
Drosophila females in general. 
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REACTIONS OF MARINE FISHES TO TEMPERATURE 
GRADIENTS? 


PETER DOUDOROFF 


(From the Scripps Institution of Oceanography, La Jolla, California) 


INTRODUCTION 


The ability of fishes to respond by movement to experimental gradi- 
ents of various physical and chemical characteristics of water and so 
to exercise selection of their environment has been repeatedly demon- 
strated.” 

Studies of this type have thrown much light upon the senses and 
the behavior of animals. Furthermore, many workers have held that 
selection in an experimental gradient is indicative of the nature of the 
most favorable environmental conditions for the organism in question, 
even when the detrimental effects of conditions which are rejected can 
not be demonstrated. The term “ optimum” has frequently been used 
in this connection (M. M. Wells, 1914, 1915 a, b; Mendelssohn, 1895; 
Herter, 1924, etc.). Conclusions as to the relative importance of dif- 
ferent characteristics of water as indices of the suitability of fish en- 
vironments have been drawn from the relative vigor of the reactions 
of fishes to these stimuli (Shelford and Allee, 1913). Speculative at- 
tempts to explain the curious migration of fishes, such as those of the 
anadromous salmonids, in terms of reactions to physical and chemical 
gradients, have been made by most workers in this field. 

One objection to the view that an optimum is selected, namely, that 
animals can become acclimatized to conditions which are rejected, and 
that such acclimatization may alter their reactions to a gradient, has 
been pointed out (Jewell and Brown, 1924; Brown and Jewell, 1926). 
Shelford (1929) recognized this objection and concluded that the 
gradient method is more useful as a measure of “acclimation,” rather 
than of habitat preference. Owing to the lack of sufficient data rela- 
tive to the influence of acclimatization, its importance could not be esti- 
mated. The present investigation was undertaken to obtain more com- 
plete data on the basis of which the physiological and ecological sig- 
nificance of selection in an experimental gradient could be evaluated. 

1 Contributions from the Scripps Institution of Oceanography, New Series, 


No. 42. 
2 For review of early literature see Chidester (1924). 
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REACTIONS OF FISHES TO TEMPERATURE 





Temperature has been regarded as having an important influence 
upon the migrations and distribution of fishes (Chidester, 1924; Ward, 
1921; Creaser, 1930). Wells (1914), Shelford and Powers (1915), 
and Chidester (1922) found that fishes are very sensitive* and will 
react to this stimulus, but these reactions have not been adequately in- 
vestigated. For these reasons most of the present experiments were 
performed with temperature (and a few with salinity) gradients. 

I am indebted to Dr. F. B. Sumner and other members of the staff 
of the Scripps Institution for valuable advice and assistance. 












MATERIAL AND METHODS 





The material used was chiefly the young of the greenfish, Girella 
nigricans (Ayres). They were taken in rock-pools in the intertidal 
area near the Scripps Institution. Pacific killifish (Fundulus parvi- 
pinnis Girard) from False Bay near San Diego, young atherinids,* 
taken in the same locality as the Girella, and a few other species were 
also used. 

The fishes were kept in the laboratory in flowing sea water, which 
was nearly at the same temperature as the surface water in which Girella 
were living in nature. In acclimatization experiments they were kept 
in constant temperature tanks, in which flowing sea water was main- 
tained at any desired temperature by thermostatic control. 

A satisfactory horizontal temperature or salinity gradient can not be 
maintained in a simple gradient tank of the type generally used. Owing 
to differences in density between the inflowing streams of water, strati- 
fication results in a steep vertical gradient. The tank which was de- 
vised for this purpose (Fig. 1) was a wooden one 80 inches long, 8 
inches wide and 9 inches deep. It was subdivided by vertical partitions 
(a) into ten octagonal compartments arranged in linear series and com- 
municating at their adjacent sides. Other vertical partitions (b and e) 
at the top and bottom further reduced the size of the openings (p) be- 
tween adjacent compartments to two inches high by three inches wide. 
A horizontal wire screen (s) was placed over the lower partitions (¢). 
The fishes were confined above this screen and, because of the shape of 
the compartments, could find their way from one compartment to the 
next without any difficulty. 

Water in very small streams was introduced into and drawn out 
of each compartment at an equal rate through horizontal tubes (7.t. 


8 Excellent work of another type on the temperature sensitivity of fishes has 


been done by Bull (1928, 1936). 
4 These were either Atherinops affinis (Ayres) or Atherinopsis californiensis 
Girard. The specimens were lost before they had been identified. 
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and o.t.) with several perforations, so that no horizontal currents passing 
from one compartment to another were present. Sea water heated or 
cooled to a high, a low, and an intermediate temperature first flowed 
through three large tanks in which it was vigorously aerated with com- 
pressed air. From the aeration tanks the water was distributed to the 
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Fic. 1. Diagram of the gradient tank. A—Top view of a portion of the tank 
(Compartments 9 and 10). B—Cross-section through the tank (Compartment 2) 
and hood. C—Longitudinal section through the entire tank, showing arrangement 
of inlets and outlets. Cross-sections of outlet tubes are indicated by solid circles 
and inlet tubes by open circles. The relative temperature of the inflowing water 
is indicated above each inlet tube: W = warm, / = intermediate, C = cold. 
Dummy tubes are not indicated. 

a, b, and e¢ are partitions; p—opening between compartments; s—horizontal 
screen; h—hood; d—door of hood, o—observation slit, g—lamp; i.t.—inlet tubes; 
o.t—outlet tubes, d.t—dummy tube, t—air trap, v—screw-clamp, n—hood over 
outlets, k—water level. 


gradient tank through 14 tubes, each of which was provided with a 
trap (t) to remove air bubbles and a valve (v) for regulating the flow. 
In every case water at a higher temperature than that maintained in 
any given compartment was introduced into it at the bottom (below the 
screen), while colder water was introduced at the surface. Dummy 
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inlet and outlet tubes (d.t.) were provided to make all compartments 
similar. 

In this tank a very steep and uniform horizontal gradient could be 
maintained without the presence of vertical gradients. A difference of 
18° was usually maintained between the two ends, or 2° between ad- 
jacent compartments. 

A hood (/) was attached over the tank. The tank was illuminated 
by five small electric lights (g) attached to the top of the hood.. The 
movements of the fish were observed through a narrow slit (0) in the 
top of the hood. The room was darkened while observations were 
made, and the observer was apparently invisible to the fish. 

Observations were made in the following manner. One specimen 
at a time was put into the tank at any desired temperature (usually the 
temperature from which it had been taken), the fish being screened off 
from adjacent compartments. After a minute it was released and 
allowed to swim freely about the tank. The door of the hood (d) was 
then shut and, after the fish had been in the tank for a given length 
of time (usually one hour), the observation was begun. A bell metro- 
nome was then started and the position of the fish recorded at six- 
second intervals. The observation was generally continued for 30 
minutes (300 recordings). The approximate percentage of the time 
that the fish had spent in each compartment was then calculated, and 
the temperatures in them recorded. About 600 such observations were 
made in the course of these experiments. 


RESULTS 


Experiments with Girella Kept at Current Seasonal Temperatures 
(14.5° to 22°) and Under Relatively Normal 
Conditions of Illumination 


Specimens kept in the laboratory under these conditions for many 
months were found not to differ in their behavior and reactions from 
those recently taken. 

In control experiments, in which the water flowing into the gradient 
tank was at the same temperature throughout and, consequently, no 
gradient was present, no consistent preference was shown for either 
half of the tank nor for any compartment except the ones at the ends 
of the tank (Fig. 2,C). When, however, a suitable temperature gradi- 
ent was established, the fishes showed a marked avoidance of the two 
ends of the tank. After a short time an apparent “preference” for 
one or two adjacent intermediate compartments was established, all 
others being avoided. When the percentage of time spent in each 
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compartment by a single individual in the course of a 30-minute observa- 
tion was plotted against the temperature, a fairly regular, although fre- 
quently skewed, unimodal frequency distribution was obtained. The 
temperature at the mode of this distribution, located by a uniform pro- 
cedure, will be referred to as the selected temperature. 

While the temperatures selected in different observations by fishes 
taken from current seasonal temperatures varied considerably, a tend- 
ency to select high temperatures in the vicinity of 26° was observed. 
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Fic. 2. Distribution of time spent in different compartments by Girella taken 
from sea water at the normal seasonal temperature and tested in d—a 32° to 14° 
gradient, B—a 36° to 18° gradient, and C—in the absence of a gradient (typical 
control experiment). Distributions A and B are based on the same eight speci- 
mens. The temperatures maintained in each compartment in the two experiments 
are indicated. Distribution C is based on five specimens. Observations made one 
hour after introduction of the fish. 


So long as the two ends of the gradient were cold and warm enough 
to be invariably strongly repellent, the mean selected temperature was 
found not to be affected by changes in the range of the gradient used. 
This result is illustrated in Fig. 2. It will be observed that the modes 
of both distributions A and B are at 26°. In a number of such experi- 
ments the same result was always obtained. This shows that the fish 
were attracted to the selected compartments by the temperatures present 
there, rather than by any other differences (such as convection currents, 
etc.). 
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Figure 3 shows the distribution of selected temperatures obtained 
in 100 experiments in various gradients (usually 14°-32° or 15°-33°). 
The mean (25.7 + 0.1°) is somewhat lower than the modal temperature 
(26.4°). Experiments were performed to determine the possible in- 
fluence of size, recency of feeding, and season, which could account 
for the variability and the skewness of the distribution, since such skew- 
ness would result from unequal representation of specimens so differing. 
The mean temperatures selected by three size-groups of 14 specimens 
each (with mean weights of 9.6, 3.8, and 1.7 grams), taken at the same 
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Selected Temperatures 


Fic. 3. Distribution of temperatures selected by Girella taken from current 
seasonal temperatures. (Based upon 100 thirty-minute observations, made one 
hour after introduction of fish into the gradient tank.) 


time, did not differ significantly. Similarly, groups of fishes which 
had been recently fed, starved for two to three days, and starved for 
two weeks selected, on the average, practically identical temperatures. 
Specimens tested in early fall and in early spring did not differ appreci- 
ably. The former had been living through the summer at 19° to 22° 
and, when tested, were taken from 20°. The mean temperature se- 
lected by 24 specimens in a 14°-32° gradient was 26.0°. The latter 
had been living through the winter at 14°-16° and were taken from 
15-16°. Their mean selected temperature in the same gradient was 
25.8° (22 observations). This indicates that, over a wide range of 
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temperatures, previous temperature history has no influence upon selec- 
tion. The temperature of the compartment into which the fishes were 
introduced was found to have no influence upon the temperatures which 
were finally selected. 

Since the temperature gradient was, of necessity, accompanied by 
other gradients, the possibility that the fishes had been reacting to some 
factor other than temperature was investigated. No gradient of oxygen 
or nitrogen tension was present, the water being brought to the satura- 
tion point at all temperatures by “ aeration,” as described earlier.° On 
the other hand, a gradient of the concentration of these gases was neces- 
sarily present. However, when the “aeration” of the water was re- 
duced, with the result that the oxygen concentration at the extreme 
warm end of the gradient (32°) was equal to or higher than that present 
at 26° in the fully “aerated” gradient (4.75 cc./1.), the fishes con- 
tinued to reject the high temperatures. Obviously, it was not to this 
gradient that they had been reacting. 

The carbon dioxide tension could not be equalized by the amount 
of “aeration” provided. Consequently the CO,. tension and the hy- 
drogen ion concentration were slightly higher at the warm end than at 
the cold. Since Powers (1921) and others have found that some fishes 
will react to small differences of pH or CO, tension, experiments were 
performed to test the possibility that the fishes were reacting to these 
gradients instead of to temperatures. A shorter gradient (four com- 
partments), in which the fish was given a choice between two contrasting 
temperatures, was used for this purpose. Water at an intermediate 
temperature was aerated and then passed at a constant rate through a 
tall cylinder, where CO, gas was bubbled through it. It then passed 
through a chamber, to allow for thorough mixing with the gas, and 
was then distributed to two lead coils immersed in flowing cold and 
warm water. The cooled and heated streams of CO,-treated water 
were distributed, out of contact with air, to the cooler and warmer 
halves, respectively, of the gradient tank. No difference of pH was 
detected when samples of water from the two ends of the gradient were 
brought to a common temperature, showing that no difference of CO, 
content had been present. In a preliminary experiment, in which the 
water was not treated and a gradient of 26° to 32° was maintained, ten 
specimens invariably selected the cooler half of the gradient, spending 
92 per cent of the time there. The gradient was then changed so that 

5 Frequent oxygen determinations were compared with solubility values given 
by C. J. J. Fox (1909), corrected for vapor pressure. The untreated sea water 
was at an intermediate temperature and approximately saturated with air. The 


warmed sea water was, consequently, super-saturated with air, and “aeration,” 
in this case, resulted in the removal of excess air. 
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the warm end was at 26° and the cold at 18°. The water was treated 
with enough CO, to raise the partial pressure of CO, and the H-ion 
concentration at the two ends (26° and 18°) to higher values than those 
which had been present in the preliminary experiment at the correspond- 
ing ends of the gradient (32° and 26° respectively). Only the pH at 
room temperature (22°) was determined. The charge of pH necessary 
to satisfy the above requirements was readily calculated by the use of 
tables giving the relation between temperature, pH, partial pressure of 
CO,, and total CO, in sea water of constant chlorinity and titratable 
alkalinity furnished by Buch et al. (1932). The pH of the water 
(chlorinity 18.6°/o9) was lowered from 8.1 to 7.7, and later to 7.35. In 
both cases the change was more than sufficient to satisfy the require- 
ments. Twelve specimens tested in the treated gradients invariably 
selected the warmer half (26°), spending 91.1 per cent of the time there. 
Had the fishes been reacting to CO, tension or to pH instead of tem- 
perature in the untreated gradients, they should now have selected the 
colder half (18°), as they did in the untreated 26°-32° gradient. 

While Girella is quite resistant to low salinities, it is a typical marine 
fish and does not occur in situations where the water becomes appreci- 
ably diluted. Experiments were performed to compare its reactions 
to temperature and to salinity, in order to test the value of these reac- 
tions as an index of “habitat preference.” In a salinity gradient, in 
which the temperature was the same throughout and the salinities 
ranged from 5.6/9 to 29.99/o9, no consistent reactions were observed. 
A combined temperature and salinity gradient was then established, 
with salinities ranging from 2.6°/o9 to 32.3°/o9 and temperatures from 
26° to 18°, the dilute water being at the higher temperature. Seven 
specimens taken from normal sea water (salinity 33.89/99, tempera- 
ture 18° C.) invariably avoided the normal sea water and spent 94% 
of the time in the five compartments in which the water was warmer 
and more dilute. The mean temperature and salinity which were se- 
lected were 24.6° and 7.8°/o9 respectively. The salinity gradients were 
not entirely satisfactory, since the fresh tap-water used differed from 
the sea water in several other respects. The pH was approximately 
the same, but the CO, tension was slightly higher, and a small quantity 
of free chlorine (.02-.03 parts per million) was present. However, this 
circumstance only emphasizes the fact that the fishes were selecting un- 
natural conditions. 


Experiments with Girelia from Constant-temperature Tanks 


Three constant-temperature tanks, maintained at 10°, 20° and 30°, 
were used. Figure 4 shows the relation between the temperatures of 
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acclimatization and the temperatures selected by specimens kept at the 
former temperatures for 3 to 4 months. It will be noted that the fishes 
from the 20° constant-temperature tank selected lower temperatures, 
on the average, than those from untreated sea water (discussed in the 
preceding section) taken from the same temperature in fall or taken 
from a lower temperature (15°-16°) and tested at the same time as 
the 20°-conditioned ones. Apparently, the small difference between 
the fishes from normal seasonal temperatures and those from the 20° 


“ 

2 

2 

s 

ee 

ev 

& 

s 

qv 
220 
a] 

2 

Ve 
a 

we 
WY 


20 30 
Temperatures of Acclimatization 


Fic. 4. Relation between temperatures of acclimatization and temperatures 
selected by Girella which had been kept for 3 to 4 months in three constant- 
temperature tanks. Solid circles, connected by solid lines, indicate mean selected 
temperatures. The number of observations in each group is indicated. Open 
circles, connected by broken lines, indicate the highest and lowest temperatures 
selected by specimens from each of these tanks. Observations made one hour 
after introduction of fish into gradient. 


constant-temperature tank (2.5° + 0.23°) was due neither to season 
nor to the temperature of acclimatization. It was probably due to a 
slight difference of behavior. The fishes in the constant-temperature 
tanks had been subject to conditions of dim and erratic illumination, and 
had been frequently disturbed. Some irrelevant factor of this nature 
was probably responsible for the slight change. 

® The fishes from the constant temperature tanks were more active, in the 


sense that they moved about the gradient more freely and reacted less sharply and 
rapidly. The distribution of selected temperatures was symmetrical. 
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At any rate, the specimens in the three constant-temperature tanks 
had been subject to the same conditions with the exception of tempera- 
ture and are, therefore, comparable. The mean temperatures selected 
by eleven 30°-conditioned and eleven 20°-conditioned fishes, acclima- 
tized to these temperatures for three months and tested in alternation 
in a 15°-33° gradient, were 24.3° and 23.6° respectively. The differ- 
ence was small and the probability that it was significant was not high 
(.8578)." The 10°-conditioned fishes, however, selected considerably 
lower temperatures. When sixteen of these and an equal number of 
20°-conditioned specimens were tested in a 12°-30° gradient, the mean 
selected temperatures were 17.8° and 23.2° respectively. The differ- 
ence was unquestionably significant, the probability being .9999 +." 
The 20°-conditioned fishes were then transferred to 10° and the 10°- 
conditioned ones to 20°. They were tested again after they had been 
at the new temperatures for three days and again after 24 days. Other 
specimens, which had been kept continuously at 10° and 20°, were 
tested at the same time as controls. The result is shown in Fig. 5. 

Results essentially the same as the above were obtained in other 
experiments, in which different periods of acclimatization and various 
gradients were used. When 10° and 20°-conditioned specimens were 
left in the gradient tank and repeated observations were made in the 
course of 24 hours, no appreciable changes of the mean selected tem- 


perature were observed after the first half hour, although the tempera- 
tures selected by single individuals in successive observations varied 
considerably. 


General Notes on the Behavior of Girella 


After the fishes had been introduced into the gradient, some were 
very active and showed little selection until they began to come to rest. 
As a general rule, however, a specimen taken from a relatively low 
temperature avoided, at first, the high temperatures which were later 
selected. As it moved back and forth in the gradient, its excursions into 
warmer water became more prolonged and extended, while those into 
colder water became more brief. The selected temperature thus moved 
up rapidly, until the fish came more or less to rest at a relatively high 
temperature. Thereafter, the selected temperature did not remain con- 
stant, but occasionally fluctuated up and down, so that the temperature 
which was selected at one time was avoided at another. The fish con- 
tinued to make frequent excursions into other temperatures. A rapid 
excursion into a much higher or lower temperature was followed by a 
very rapid and violent reaction. But, if the fish moved into the same 


7 For method of computing probabilities see Tippett, 1931, pp. 80-82. 
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temperature gradually, the avoidance reaction was often markedly de- 
layed and the excursion frequently followed by a temporary or a rela- 
tively permanent rise or fall, respectively, of the selected temperature. 
When the same specimens were tested more than once, no marked tend- 
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Fic. 5. Rate of change of mean temperatures selected by Girella as a result 
of acclimatization to 10° and 20°. Fishes originally conditioned for 100 days to 
20° (open circles) and to 10° (solid circles). Circles connected by solid lines are 
mean temperatures selected in successive observations by 16 specimens of each 
group before and after transfer to the other temperature (as indicated). Days 
of acclimatization (abscissas) refer to time at new temperatures only. Points 
marked C are controls and are based upon 13 to 16 specimens which had been kept 
continuously at the original temperatures of acclimatization. These were obtained 
at the same time as those for recently transferred specimens on the same abscissa. 
Broken lines indicate mean temperatures selected by all the specimens which had 
been kept at 10° and 20° continuously for 100 days or more. 


ency was observed for the same individuals to select relatively high or 
low temperatures in successive trials. 

From these observations it appears that the variability of tempera- 
tures selected by different individuals with a similar history was not 
indicative of any permanent physiological differences, resulting in dif- 
ferences of “preference.” A specimen could become “adapted” to, 
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and establish an apparent “ preference” for any temperature within a 
fairly wide range. Thereafter, other temperatures were repellent by 
contrast. Over a wide range of temperatures, however, the influence of 
past experience was, apparently, of brief duration and past impressions 
were rapidly destroyed in the course of the random movements of the 
fish in the gradient. Consequently, the range of temperatures at which 
the fishes finally came to rest was largely independent of previous 
temperature history. Specimens conditioned to 10° were unable to tol- 
erate rapid transfer to the highest temperatures selected by specimens 
which had not been subjected to this abnormal temperature. The ob- 
served change of behavior was obviously adaptive. 


Experiments with Other Species 


In control experiments, in which no gradient was present, young 
atherinids behaved much like Girella, showing no “ preference” except 
for the end compartments. In a temperature gradient their behavior 
was not quite as satisfactory as that of Girella, owing to a more pro- 
nounced tendency to move about in set patterns, rather than at random, 
Nevertheless, marked reactions to the gradient were observed. Nine 
specimens taken from untreated sea water at 21.5° and tested in a 
14°-32° gradient spent, on the average, 74 per cent of the time in four 
adjacent compartments (22° to 28°). The mean selected temperature 
was 25.2°. 

In experiments with Fundulus parvipinnis only specimens which had 
been kept for one to two months in the three constant-temperature tanks 
were used. This species inhabits shallow bays and sloughs, in which 
very high temperatures occur, and is more resistant to high temperatures 
than Girella. My specimens were originally taken from water at 27° 
in June, but temperatures several degrees higher are probably not un- 
common in their habitat. While these fishes reacted to the gradient, 
their reactions were not nearly as sharp and consistent as those of Gi- 
rella. They were frequently very inactive and “ nervous,” and showed 
such a strong tendency to move to the ends of the tank that it was not 
always possible to repel them from both ends, even though a steeper 
gradient was used. Nevertheless, a few interesting observations were 
made. In a 14° to 35.5° gradient, twelve 20°-conditioned and six 
30°-conditioned specimens showed marked avoidance of the lower tem- 
peratures, but were not consistently repelled by the highest temperatures. 
In both cases about 75 per cent of the time was spent in the warm half 
of the gradient (26° to 35.5°). However, when the 20°-conditioned 
specimens were tested in an 18°-40°gradient, all avoided the warmest 
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water. Seven 10°-conditioned specimens tested in a 14°-35° gradient 
were very inactive, but all avoided both ends of the gradient and spent 
75 per cent of the time in four intermediate compartments (18.5°-26°). 

Several bottom-living forms (Gillichthys mirabilis Cooper, Leptocot- 
tus armatus Girard, Clinocottus analis (Girard), etc.) were tested in 
temperature and salinity gradients. They were very inactive, and no 
marked reactions were observed. Two specimens of Clinocottus, a fish 
which is little resistant to dilute water, moved into such water and re- 
mained there until they died. A single young specimen of the blenny 
Heterostichus rostratus Girard was tested in a salinity gradient. This 
fish was quite active and showed a marked avoidance of diluted water. 


DiIscussION AND CONCLUSIONS 


The ability of the more active fishes to avoid harmful temperatures 
and to exercise selection in an experimental temperature gradient has 
been demonstrated. 

Fishes which had been taken from their normal environment could 
not be regarded as selecting temperatures to which they had been 
acclimatized. Differences of previous temperature history did not nec- 
essarily result in differences of behavior in the gradient. At most, the 
influence was only temporary. Thus, Girella which had been condi- 
tioned to 10° always moved into higher temperatures. Had they been 
left in the gradient, they would have become acclimatized to these higher 
temperatures and, in time, would have selected as high a temperature as 
specimens which had been kept continuously at 20° or 30°. The data 
in Fig. 5 indicate that a number of days would have been required for 
this change to take place. Obviously, selection in a gradient is not a 
reliable index or measure of acclimatization. 

The term “ optimum,” as used to designate the most favorable con- 
dition for an entire organism (rather than for a single process or 
activity), has never been adequately defined. At any rate, a tempera- 
ture “ optimum ” or “ habitat preference ” which changes with the tem- 
perature of the environment (and consequent acclimatization) is of 
questionable significance. However, the fishes did not select tempera- 
tures to which they were accustomed, but showed a marked tendency to 
move, in time, into a common range of temperatures. This range of 
temperatures must have some physiological significance. For the view 
that it represents an “ optimum” or a “ habitat preference,” however, I 
find no evidence. The temperatures most frequently selected by normal 
Girella (26°-27°), even after they had been living in relatively cold 
water, are not normal in their habitat. The average surface temperature 
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to which these fishes are exposed in this locality is 16.9° (Mean for 18 
years). The mean temperature for August, the warmest month, is 
20.8°, while the highest monthly mean on record (July, 1931) was 
23.6°. Under these (suboptimal?) conditions the species has been liv- 
ing and reproducing successfully for an indefinite period. 

The negative response to extreme and obviously harmful tempera- 
tures is unquestionably adaptive. The assumption that the specific be- 
havior of animals in response to all other thermal stimuli must neces- 
sarily have similar significance is open to question. Granting, however, 
that the sharp avoidance reactions were given to “ unfavorable ” stimuli, 
the conclusion does not follow that the selected temperatures were more 
“ favorable ” or “ preferable” except under the special (and somewhat 
unnatural) conditions of the experiment. It is important to distinguish 
between the excitatory or detrimental effects of given rapid changes of 
temperature and the effects of given temperatures upon an organism 
which is exposed to them continuously. Particularly is this so in the 
case of poikilotherms. 

In my discussion of the behavior of Girella (based upon several hun- 
dred prolonged individual observations), I have shown that the fishes 
did not move directly into a certain temperature and remain there. In- 
stead, the phenomenon of selection and the fluctuations of the selected 
temperature were shown to be the result of a succession of character- 
istic avoidance reactions (turning and swimming back) of varying in- 
tensity to contrasting temperatures encountered in the course of random 
movements. These reactions were subject to modification by rapid 
“ adaptation.”” The correspondence between this behavior and the fa- 
miliar effects of “adaptation” and “contrast” in human cutaneous 
thermal sensations is obvious.’ From the observed reactions, it appears 
that a rapid change, for example, from 15° to 25°, is less stimulating 
and repellent than (and, perhaps, is preferred to) the reverse change 
following exposure to the higher temperature. It does not follow, how- 
ever, that the lower temperature is not entirely as “ favorable ” (physio- 
logically) or “ satisfactory” (psychologically) as the higher one in the 
absence of contrasting temperatures. The fact that all species tested 
selected relatively high temperatures indicates that, in general, within 
normal ranges of temperature rapid cooling is more detrimental or 
stimulating than a rapid rise of temperature. Whether this difference 
depends upon peculiarities of the cutaneous thermal sense or has more 
general physiological significance is not clear. The temperatures se- 

8 This rapid “adaptation” should not be confused with the more gradually 
produced and lasting changes affecting behavior, resistance, metabolic rate, etc., 


which I have referred to above as acclimatization (See Sumner and Doudoroff, 
1938, and citations). 
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lected by different species may be expected to bear some approximate 
relation to the maximal temperatures which they can tolerate and, conse- 
quently, to the temperatures which occur in their natural environments. 
Thus, Fundulus was not repelled by high temperatures which were 
strongly repellent to Girella. This is hardly evidence that an “ opti- 
mum ” was selected in either case. 

Analogies between experimental gradients and those which occur in 
nature should be regarded with caution. The former are usually much 
steeper. Fishes in them are so confined that their random movements 
bring them repeatedly into widely different conditions at a rate with 
which “ adaptation”’ can not keep pace. No correspondence between 
the reactions to these two types of gradient can be assumed. 

The above conclusions probably apply, to a large extent, to reactions 
to other stimuli than temperature. Certainly, the relative vigor of the 
reactions of fishes to different stimuli can not be relied upon to show 
what characteristics are more important as indices of the suitability of 
environments. My results with temperature and salinity gradients, in 
which Girella selected entirely unnatural conditions, support this conclu- 
sion. They indicate only that the fishes were more sensitive to changes 
of temperature than of salinity. This difference may depend, largely, 
upon the nature of the receptive apparatus involved. 


SUMMARY 


An apparatus is described whereby a steep horizontal temperature 
(or salinity) gradient can be maintained, without the presence of verti- 
cal gradients, for the study of the reactions of fishes. The reactions of 
several species of marine fishes, chiefly of Girella nigricans (Ayres), to 
these gradients have been studied. A marked selection was demon- 
strated of temperatures which were relatively high in comparison with 
the normal environment of the fishes. The influence of acclimatization 
and of other factors upon temperature selection was investigated. 
While acclimatization was found to influence selection, the effect was 
slight and only temporary, the selected temperature being, to a large 
extent, independent of past experience. The physiological and eco- 
logical significance of selection in the experimental gradient is discussed. 
The role of contrast and of rapid “ adaptation ” is indicated. It is con- 
cluded that selection is indicative of the relative stimulative or detri- 
mental effects of given rapid changes of temperature, while the common 
view that such selection indicates the nature of “ optimal ” conditions or 
habitat preference is not tenable. 
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STUDIES IN THE PIGMENTARY SYSTEM OF CRUSTACEA. 
IV. THE UNITARY VERSUS THE MULTIPLE 
HORMONE HYPOTHESIS OF CONTROL 


L. H. KLEINHOLZ 1 


(From the Marine Biological Laboratory of the United Kingdom, Plymouth, 
England, the Stazione Zoologica, Naples, Italy, and the Biological 
Laboratories, Harvard University, Cambridge, Mass.) 


Since the first demonstration by Perkins (1928) that the physi- 
ological activity of crustacean chromatophores is regulated by a hor- 
mone originating from the eye-stalks, numerous studies have confirmed 
and extended his results (for a review of the literature see Hanstrém, 
1937). It was later shown (Kleinholz, 1934, 1936) that the retinal 
pigments of crustaceans were also under endocrine control, being af- 
fected by the same eye-stalk extracts which contracted ? the chromato- 
phores of the integument. 

On the basis of independent chromatophoral response to various 
colored backgrounds, Brown (1935a) concluded that a number of dif- 
ferent hormones were concerned in the regulation of color change. 
Abramowitz (19376), on the other hand, has questioned the necessity 
of more than one hormone in explaining the pigmentary activity of 
crustaceans. When the evidence available from studies of the retinal 
and integumentary pigments is considered, it appears that at least two 
different hormones might be involved. For example, while the chro- 
matophores of Palaemonetes vulgaris are maximally concentrated ? and 
the distal retinal pigment is in the position of complete light-adaptation 
in animals kept on an illuminated white background, on an illuminated 
black background the red chromatophores are maximally dispersed but 
the distal retinal pigment is still in the light-adapted position. If both 
types of pigment cells were controlled by the same hormone, then ab- 
sence of the chromatophorotropic hormone from the circulation (evi- 
denced by the dispersed integumentary chromatophores in animals main- 
tained on an illuminated black background) should also result in a po- 
sition of the distal retinal pigment characteristic for complete dark- 
adaptation.* It is obvious, on the other hand, that the different be- 

1 Sheldon Travelling Fellow of Harvard University. 

2 The terms “contracted” and “expanded” in reference to the condition of 
the pigment within chromatophores are used synonymously with the concentrated 
and dispersed state. 

8 Kleinholz and Knowles (1938) have shown that the position of the distal 
intensity of incident light 


retinal pigment is directly proportional to the ratio, intensity of rel light” 
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havior of these two components of the pigmentary system could be 
explained on the basis of differential threshold sensitivities to the same 
hormone. 

Diurnal rhythms in the pigmentary system of crustaceans, persisting 
under constant external conditions, afford an opportunity to test the 
question of the unitary or multiple hormone hypothesis. Three crus- 
taceans are known in which the integumentary chromatophores behave 
in such rhythmic fashion: a macruran, Hippolyte varians (Gamble and 
Keeble, 1900) ; an isopod, Ligia baudiniana (Kleinholz, 1937a) ; and a 
brachyuran, Uca pugilator, (Abramowitz, 1937a). When individuals 
of these three species are kept in constant darkness the animals become 
pale at night and darken again during the day. Welsh (1930a, 1935) 
and Kleinholz (1937b) have shown that similarly persistent cyclic ac- 
tivity of the retinal pigments occurs in macrurans and brachyurans when 
maintained under constant conditions of illumination. On the basis 
of the unitary hormone hypothesis the threshold of the retinal pigment 
must be lower than that of the integumentary pigments; persistent 
rhythm in the integumentary chromatophores of a crustacean should 
therefore also be accompanied by a persistent cyclical behavior in the 
activity of the retinal pigments. This paper reports the results from 
experiments designed to determine whether pigmentary activity in crus- 
taceans is to be explained on the basis of one or of more than one 
hormone. 

These studies were conducted in part at the Marine Biological Labo- 
ratory of the United Kingdom, Plymouth, England, and in part at the 
Stazione Zoologica, Naples, Italy. To the Directors of these labora- 
tories, Dr. Stanley Kemp and Professor R. Dohrn, and to the staffs 
of these institutions I am greatly indebted for generous facilities and 
kind assistance. I am also obliged to the committee for permission to 
occupy the Jacques Loeb Memorial Table at Naples. 

The crustaceans used in these studies were Crangon vulgaris, Hip- 
polyte varians, and Leander adspersus. 


MATERIALS AND METHODS 


Black- and white-painted dishes were used as backgrounds to obtain 
individuals with expanded and contracted melanophores (Crangon) ; 
these vessels were illuminated from above by a 60-watt electric lamp at 
a distance of 30 inches. 

It was desirable in some experiments to observe the color reac- 
tions of blinded individuals.* Two methods were used to incapacitate 

4 Blinding may be of two kinds (Kleinholz, 1937a) ; incapacitating the retina, 


whereby only the sensory elements are affected, and total ablation of the eye-stalks, 
resulting in removal of the chief functional source of eye-stalk hormones. 
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the retinas of Crangon: in one, an opaque mixture of plaster of Paris 
was moistened into a paste and spread over the entire eye-stalk, while 
in the second the retinal portion of the eye-stalk was destroyed by 
cautery. In removing the eye-stalks of Crangon it was found advisable 
to proceed in two stages, allowing a day or two to elapse before abla- 
tion of the second eye-stalk. 

Blood “ transfusions ” from black-background-adapted ° individuals 
to white-background-adapted ° shrimps and vice-versa were effected by 
withdrawing blood from the pericardial sinus of donors (approxi- 
mately 0.1 cc. could thus be obtained from a single individual) by means 
of a hypodermic syringe, and injecting 0.05-0.07 cc. into the abdominal 
musculature of the recipients. 

Extracts of the rostral region of Crangon were prepared in an at- 
tempt to duplicate the results of Koller (1928). Both eye-stalks of the 
donor were first ablated at the base to avoid the possibility of including 
fragments of Hanstrém’s sinus gland; the rostral region was then ex- 
cised with a second pair of scissors as indicated in Fig. 1 of Koller’s 
(1928) paper. The excised portions from 10 black-adapted Crangon 
were triturated for 3 minutes in 1.0 cc. of filtered sea water or crus- 
tacean perfusion fluid (Pantin, 1934). One-tenth cc. of the clear super- 
natant extract was injected into the abdominal musculature of the white- 
adapted recipients which were then returned to their white backgrounds 
for observation. Precautions were taken to prevent contamination of 
the fluids used for injection; separate syringes and needles were used 
in taking blood from white- and from black-adapted individuals ; a third 
hypodermic syringe was used exclusively for injecting extracts pre- 
pared from the rostral regions. Before use the syringes were washed 
in tap-water, immersed in bichromate-sulfuric acid solution for 12 
hours, flushed in running tap-water for 12 hours, rinsed several times 
in distilled water, 95 per cent alcohol, ether, and dried in air. 

Destruction of the rostral region, claimed by Koller to be the source 
of a melanophore-dispersing hormone, was performed by cautery in 
the manner prescribed by him (1928). The exoskeleton in the region 
indicated on his Fig. 1 was excised and a hot needle used for surface 
and deep cautery ; the replaced square of excised exoskeleton was usu- 
ally kept in position by the blood clot which formed around the edges ; 
in some cases coagulation of the blood exuding around the wound was 

5 The terms “ black-background-adapted,” “black-adapted” and “black” are 
used to describe individuals in which the melanophore pigment has been dispersed 
as a result of the animal’s having been kept on an illuminated black background; 
“ white-background-adapted,” “ white-adapted,” and “white” are similarly used to 
describe the concentrated condition of the melanophores in animals kept on an 
illuminated white background. 
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hastened by drawing the cautery needle along the margins of the 
incision. 

Hippolyte varians which had been kept in darkness and in light were 
killed in hot water (80° C.) during the day (“day light” and “ day 
dark” eyes) and at night (“ night light ” and “ night dark”) to deter- 
mine whether a persistent diurnal rhythm existed in the movements of 
the retinal pigments. Subsequent histological treatment of the eyes 
followed the method described in an earlier paper (Kleinholz, 19375). 
Blinding operations, similar to those performed on Crangon, were made 
on Hippolyte; retinas were destroyed by cautery or were ablated with 
iridectomy scissors; entire eye-stalks were removed after first crushing 
the base to prevent excessive hemorrhage. 
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NUMBER OF EYE-STALKS 


Fic. 1. The relation between the number of eye-stalks and their “ wet weight ” 
in milligrams. 


Leander adspersus was used in the quantitative studies for the de- 
termination of threshold concentrations of hormones for the retinal 
and integumentary pigments. The procedure was standardized ; stalk 
extracts were prepared from animals which measured exactly 1.9 cm. 
in the midline from the tip of the rostrum to the posterior margin of 
the cephalothorax. This proved the most accurate method of assuring 
the use of eye-stalks of the same size. Earlier attempts to measure the 
eye-stalk itself were unsatisfactory. That the method used was justi- 
fied is shown by the accompanying curve (Fig. 1) in which the relation 
between the number of eye-stalks and their “ wet” weight (the stalks 
were rolled over filter paper to remove excess moisture) is plotted. It 
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is reasonable to expect that Hanstrém’s sinus gland or whatever glands 
are responsible for the source of the pigment-activating hormones 
would show a similar relation to the size and number of eye-stalks used 
in preparing the extract. 

The stalks were excised from animals which had been kept on an 
illuminated white background, thereby insuring maximum hormone 
content (Kleinholz, 1936; Abramowitz, 1937a), and were triturated in 
a small mortar with 0.5 cc. of cold-blooded Ringer’s solution. The re- 
sulting tissue suspension was brought to a boil and Ringer’s solution 
added to make 1.0 cc. of clear extract which could be diluted to desired 
amounts. Fresh preparations were made for each daily series of ex- 
periments. Exactly 0.04 cc. of extract were injected into the abdominal 
musculature of test animals. 

Two different experimental conditions held in the determination of 
minimal thresholds for the retinal and body pigments. In all cases, 
however, the test animals were of the same size, 1.6 cm. from the tip of 
the rostrum to the posterior margin of the cephalothorax, as measured 
along the mid-dorsal line. Despite this precaution to assure the use 
of a standard test object, there were slight variations in the responses 
of the retinal pigments which must be attributed to individual differences 
between animals. 

The responses of the distal retinal pigment to injection of eye-stalk 
extract were measured in animals which had been adapted to darkness 
overnight. The method used was a modification of that first described 
by Welsh (1930b). Four prawns were placed in individual 500-cc. 
beakers, containing about 200 cc. of sea water, which were then trans- 
ferred to a dark-box in a photographic dark-room. An ordinary com- 
pound microscope, fitted with a micrometer ocular, was used to measure 
the position of the distal retinal pigment in the dark-adapted animals. 
The source of illumination was a sub-stage microscope lamp over the 
face of which had been fitted a light-mask with a circular opening 1 cm. 
in diameter. The intensity of the light was further reduced by using a 
blue glass filter. Preliminary trials showed that no proximal migration 
of the distal pigment occurred in the ‘eyes of dark-adapted test animals 
when they were kept for as long as 20 minutes in the rays of this lamp. 

The cell was made of colorless celluloid, 4 inches square, with two 
openings in the walls to allow circulation of sea water. The bottom of 
the cell was covered to a depth of 1 cm. with a black paraffin mass, 
except for a free circular area for light to pass into the microscope and 
a shallow trough to receive the body of the experimental animal. A 
prawn could be kept in position, with its head projecting over the 
opening, long enough for a reading to be made by placing a small glass 
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slide on the telson and another on the rostrum. After each reading the 
animal was returned to its beaker. 

In determining the minimal threshold of the body pigment to eye- 
stalk extracts, standard animals from which both stalks had been pre- 
viously removed were used. Although Leander possesses red, yellow 
and white chromatophores, only the red ones were watched closely in 
their responses to stalk extract. Observations of the chromatophores 
were made by means of a binocular dissecting microscope. 


BACKGROUND RESPONSES OF CRANGON 


Koller’s studies of chromatophoral activity in Crangon vulgaris 
were the first to present evidence in favor of the multiple hormone 
hypothesis in the pigmentary behavior of crustaceans. He reported 
(1927) that blood from dark individuals, when injected into white- 
adapted Crangon, resulted in darkening of the recipients. After cauter- 
izing the rostral region and injecting extracts prepared from tissue of 
this region (1928) he concluded that an organ in this vicinity was the 
source of the melanophore-dispersing hormone which he called “ ex- 
pantin.” He also confirmed Perkins’ results and named the chromato- 
phore-concentrating principle “ contractin.” Various American investi- 
gators (Perkins and Snook, 1931; Kropp and Perkins, 1933; Brown, 
1935a) were unable to confirm the presence of a chromatophore-dis- 
persing hormone in the crustaceans they studied. Beauvallet and Veil 
(1934) reported a slight darkening in some cases when Palaemon 
squilla were injected with large doses of rostral extract. This section 
of the present study is a description of results obtained in an investi- 
gation of the reported melanophore-dispersing hormone in Crangon 
vulgaris. 

The accompanying Table I is a summary of the responses obtained 
in these experiments. It is evident that, in normal animals, the melano- 
phore pigment is concentrated on an illuminated white background and 
maximally dispersed on a black one and in darkness. In individuals 
whose retinas had been opaqued or destroyed by cautery, the melano- 
phores were always maximally dispersed, regardless of the background 
on which the animals were kept, resembling in this respect those of 
shrimps maintained in total darkness. These results eliminate the pos- 
sibility of a direct response of the melanophores to light and to darkness. 
The behavior of the melanophores in Crangon from which the eye-stalks 
had been removed is slightly different; instead of the maximum dis- 
persion, such as found in normal shrimps kept in darkness and in indi- 
viduals with incapacitated retinas, the melanophores of stalk-less animals 
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were in a condition intermediate between concentration and dispersion. 
Such individuals, although darker than Crangon adapted to white back- 
grounds, were readily distinguishable from those with incapacitated 
retinas (Fig. 5). 

The white chromatophores behaved quite differently. The guano- 
phores were dispersed in all Crangon (normals, individuals with both 
eye-stalks ablated, and those with incapacitated retinas) which were 
maintained in an illuminated environment, regardless of the color of the 
background, and were concentrated in those shrimps kept in total dark- 


TABLE I 


The responses of the chromatophores of Crangon vulgaris to various conditions 
of illumination. E.S., both eye-stalks ablated; R.C., both retinas cauterized; R.O., 
both retinas opaqued; C, pigment concentrated; D, pigment dispersed; J, pigment 
intermediate between concentration and dispersion; Irreg., pigment irregular; (K), 
results obtained by Koller. 


Chromatophore pigment 


Illumination Conte of 


White background Normal 
White background (K) Normal 


White background 
White background 
White background 
Black background 
Black background (K) 
Black background 
Black background 
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ness. Similar results were reported by Perkins (1928) and by Han- 
strém (1937) for Palaemonetes vulgaris and by Stephenson (1934) for 
Leander serratus. Stephenson and Hanstrom explained this as a direct 
response of the guanophores to light and to darkness, although the latter 
investigator admitted the possibility of a reflex connection between addi- 
tional photoreceptors (a persistent nauplius eye, Hanstrém, 1937) and 
secondary sources of a guanophore-contracting hormone (Brown, 
1935a). Experiments designed to test these possibilities have been 
performed by Mr. F. G. W. Knowles of Oxford University and will 
be published elsewhere. 
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Tue ROLE OF THE SO-CALLED “ RoSTRAL ORGAN ” IN THE CHROMATIC 
PHYSIOLOGY OF THE MELANOPHORES IN CRANGON 


Koller (1927) reported that blood of a black Crangon, when “ trans- 
fused” into one in which the melanophores were contracted, induced 
dispersion of the melanophore pigment within 30 minutes. This led 
him to postulate the presence of a melanophore-dispersing hormone, 
the source of which he later (1928) believed to be an organ in the 
rostral region. 

The results of my experiments to test for the presence of a melano- 
phore-dispersing principle are summarized in Table II. When 43 


TAaBLe II 


Results from injecting blood and control solutions into white-adapted Crangon. 
Bb, blood from black-adapted individuals; Bw, blood from white-adapted individuals; 
Rb, extract of rostral region from black-adapted shrimp; S, filtered sea-water; P, 
crustacean perfusion fluid (Pantin, 1934). A.M., experiments run in the morning 
from 9-12 o’clock; P.M., experiments run from 2-10 o'clock in the afternoon and 
evening. 


A.M. .M. Summary 


Sub- 


stance Number Number Total 
injected | Number} Number not | Number} Number not Total Total 
injected | darkening —_ injected | darkening} chang- | injected | darkening chang: 


white-adapted individuals were injected intramuscularly, each with 0.05 
cc. of blood from black Crangon, only 27 per cent of the recipients 
darkened to an appreciable extent. In a control series, blood from 
white-adapted Crangon was injected in similar fashion into 54 white- 
adapted individuals; a like proportion, 22 per cent, darkened. The 
results indicate that the darkening induced by blood transfer is a non- 
specific response. This belief gained further support from the follow- 
ing observations: injection of extracts of the rostral regions, prepared 
from dark individuals, into 38 white-adapted Crangon induced darken- 
ing in only slightly over half the number of animals; filtered sea water 
and crustacean perfusion fluid were able in some cases to effect dis- 
persion of melanophore pigment when injected into white-adapted 
individuals. 

An apparent difference in the facility with which dispersion of the 
melanophore pigment could be induced was noticed between injections 





518 L. H. KLEINHOLZ 


which were made in the morning and those which were performed in 
the afternoon and evening. No explanation for this situation is offered 
at present. During the period these experiments were performed (July 
to September), the pigmentary behavior of animals on the black and 
white backgrounds was perfectly normal all through the day; if the 
results from morning and evening injections are due to a cyclical re- 
lease of some metabolite (or hormone) into the circulation as evening 
approaches, the normal chromatic behavior of individuals on white 
backgrounds gave no external indication of such internal changes. 

The results of blood transfer in these experiments are thus seen to 
differ greatly from those reported by Koller. The latter author found 
that blood from dark individuals when injected into 46 white-adapted 
Crangon induced melanophore dispersion in 95 per cent of the cases, 
while blood from white-adapted individuals, used as a control, had al- 
most no effect (1927, pp. 237-239). 

To locate the origin of the melanophore-dispersing principle, Koller 
(1928) attempted local destruction of the regions suspected of this 
endocrine function. He reported that superficial cautery of a delimited 
area in the rostral region resulted in a permanent loss of the animal’s 
ability to adapt to black backgrounds ; Crangon operated in this manner 
remained light in appearance because of a complete concentration of the 
melanophore pigment. 

My attempts to duplicate Koller’s experiments were unconvincing 
in their results. In none of the 16 Crangon in which cautery of the 
rostral region was superficial did the melanophores become perma- 
nently and maximally concentrated; within a few minutes after the 
operation the dispersed melanophore pigment of black-adapted indi- 
viduals became temporarily concentrated to an intermediate condition, 
but the pigment granules soon became dispersed again. Different re- 
sults were obtained by deep cautery of the same region: of 69 shrimps 
thus treated, 9 became permanently pale, the melanophores being maxi- 
mally contracted regardless of the fact that the animals were maintained 
on an illuminated black background (Fig. 4). Jn each of these 9 indi- 
viduals, however, equilibratory and swimming movements were grossly 
abnormal, the animals performing circus movements when swimming, 
and resting ventral side uppermost on the bottom of the container. 

The results from these experiments, while partly confirming those 
of Koller, do not lend ready support to his belief in the presence of 
two hormones. In the tests described above, the results from blood 
“transfusions ” are seen to be too irregular to accept as evidence in 
favor of a melanophore-dispersing hormone in the circulation. The 
total ineffectiveness of superficial cautery of the rostral region, and the 





PLATE I 


The color reactions of Crangon vulgaris. 

Fic. 2. Extract was prepared by triturating the rostral regions from 10 black 
Crangon in 1.0 ce. of filtered sea water; 0.05-0.07 cc. were injected into each of 10 
white-adapted shrimps at 9:00 P.M. One hour later the maximum effect was 
recorded by this photograph. 

Fic. 3. The normal color responses to white (on the left) and black (on the 
right) backgrounds. 

Fic. 4. The two animals on the left were individuals in which the rostral 
region had been deeply cauterized, resulting in permanent pallor; both eye-stalks 
had been removed from the shrimp on the right, resulting in an intermediate condi- 
tion of the melanophores. 

Fic. 5. Both eye-stalks were removed from the animal on the left. Both 
retinas were destroyed by cautery in the specimen on the right; as a consequence 
the melanophores were completely dispersed. 
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fact that deep cautery in the same region resulted in only 13 per cent 
positive results must also be regarded with caution. The few cases of 
“ successfully ” cauterized animals were abnormal in their equilibrium 
and swimming movements, indicating injury of the central nervous 
system possibly accompanied by interference in the regulation of Han- 
strém’s sinus gland.* More critical evidence will be needed before the 
existence of a melanophore-dispersing hormone, originating in the 
rostral region, can be unqualifiedly accepted. 


PERSISTENT CycLic ACTIVITY IN THE PIGMENTARY SYSTEM OF 
HIpPovyte * 

As mentioned briefly in the introductory section, the existence of 
persistent cyclic activity in the pigmentary system of various crustaceans 
when the individuals are maintained under constant environmental con- 
ditions, presents an opportunity to subject to critical test whether one 
hormone or more than one hormone is involved in the regulation of 
these effectors. Gamble and Keeble (1900) first reported a periodic 
contraction of the chromatophores in Hippolyte varians when these 
animals were maintained under constant conditions of illumination. It 
was decided to test the validity of the unitary hormone hypothesis, as 
presented by Abramowitz (1937b), by examining the positions of the 
retinal pigments in this animal under the various experimental condi- 
tions previously used in this procedure (Welsh, 1935; Kleinholz, 19376). 
According to the unitary hormone hypothesis, the threshold for the 





PLATE II 


Ommatidia from the eyes of Hippolyte to show the positions of the retinal pig- 
ments. DL, “day light” eye; DD, ommatidium from “day dark” retina; NL, 
“night light” retina; ND, unit from a “night dark” eye; D, distal retinal pig- 
ment; R, reflecting pigment; P, proximal pigment; B, basement membrane. 

Fics. 6 to 9. Ommatidia from the retinas of Hippolyte varians. The pig- 
ments are in the positions characteristic for adaptation to light and to darkness ; 
there is no persistent diurnal rhythm. Note that the reflecting pigment migrates 
in two directions in the light-adapted eye; in one, it forms a small cap above the 
distal retinal cells and in the other it moves below the basement membrane. 

Fic. 10. “ Day light” eye of Hippolyte pleuracantha. The three retinal pig- 
ments are in the typical light-adapted positions. The reflecting pigment is different 
from that in most prawns hitherto studied in that it has migrated almost wholly 
above the distal retinal cells instead of below the basement membrane. 

Fic. 11. “Day dark” eye showing the persistence of diurnal rhythm. The 
reflecting and proximal pigments are in the dark-adapted position but the distal 
retinal cells remain in the position normal for a light-adapted retina. 

Fics. 12 anv 13. “ Night light” and “night dark” ommatidia. These show 
the ordinary responses to light and to darkness. 


6 Bethe (1898) and Roeder (1937) have shown that the supraesophageal 
ganglion in arthropods exercises an inhibitory influence on many reflex activities 
7A preliminary report describing the results of part of the material included 
under this section has been published in collaboration with Dr. J. H. Welsh (1937). 
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distal retinal pigment must be lower than that for the integumentary 
chromatophores (Abramowitz, 1937a, p. 356). Consequently, a per- 
sistent cyclic activity of the chromatophores in Hippolyte should also 
be accompanied by similar activity of the retinal pigments. 

When eyes of Hippolyte varians were sectioned and examined, no 
evidence could be found of a persistent rhythm; the retinal pigments 
(Figs. 6-9) were in the positions normally characteristic for adaptation 
to light and to darkness. This contradicts the unitary hypothesis. 
Through the generosity of Dr. J. H. Welsh, I was allowed to study 
and describe his preparations of retinas of another member of the same 
genus, Hippolyte pleurocantha, collected in Bermuda (on Sargassum). 
These showed a persistent rhythm, but not of the kind expected in 
Hippolyte varians; Gamble and Keeble (1900) stated that H. varians, 
when kept in continued darkness, became pale at night and remained 
dark during the day; under the unitary hypothesis the distal retinal 
pigment should be in the light-adapted position in “ night dark” eyes; 
instead, the distal retinal pigment was in the typical light-adapted posi- 
tion in individuals, maintained in constant darkness, which had been 
killed during the day (Figs. 10-13). 

Gamble and Keeble’s study of color changes in Hippolyte led them 
to conclusions essentially similar to those held by many of the earlier 
investigators of metachrosis, namely, that any particular condition of 
the chromatophores was due to nervous impulses passing to them from 
the central nervous system. Because of the differing responses of the 
retinal pigments between the two species of Hippolyte described above 
and the unexpected difference between the periodical behavior of the 
integumentary and retinal pigments, a reinvestigation of the color 
changes of Hippolyte varians with regard to endocrinal control and 
persistent periodicity was undertaken.*® 

According to Gamble and Keeble (1900, p. 614) adult Hippolyte 
are capable of only very slow color changes on colored backgrounds. 
On close éxamination most individuals were refractory, and those which 
did change were slow and often irregular in their adaptations to black 
and to white backgrounds.® This is illustrated in the following protocol 
which is typical for several experiments : 


Sept. 1. 10.30 P.M. Four animals were placed on an illuminated 
black background. 

Sept. 2. 10.45 A.M. All are dark brown; the pigment in the 
red chromatophores is maximally dis- 
persed. Animals transferred to an il- 
luminated white background. 

8 Only the chromatophores containing red pigment were studied. 

® Minkiewicz (1908), however, reported that Hippolyte varians underwent 

adaptive color changes in response to changes in background. 
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12.10 P.M. One animal is green (chromatophores are 
punctate) ; the remaining three are light 
brown (chromatophores are dispersed ). 

4.00 P.M. All four prawns are brown with the chro- 
matophores dispersed. 

10.15 P.M. All four are yellowish-olive in color but the 
red chromatophores are maximally dis- 
persed. The lighter tint must be due 
to a change in the yellow chromato- 
phores which can’t be seen clearly. 


Injection of crustacean eye-stalk extracts into normal dark Hip- 
polyte effects a rapid concentration of the pigment within the red chro- 
matophores, accompanied by a diffusion of blue pigment into the sur- 
rounding tissues.*° The same chromatophoral response can be elicited 
by injection of extracts prepared from the stalks of a different species ; 
doses of 0.01-0.03 cc. of a preparation containing 5 eye-stalks from 
Hippolyte triturated in 0.2 cc. of sea water as well as similar doses of 
a preparation of 2 eye-stalks of Leander serratus in 0.5 cc. sea water, 
when injected into test Hippolyte, brought about the same chromatic 
condition. 

Normal Hippolyte, as well as those from which the retinas had been 
removed, were examined to see whether the cyclic activity reported by 


the English authors persisted. The following summaries show that this 
nocturnal condition is independent of the retinal receptors: 


A. Normal individuals with intact retinas 


Sept. 9. 5.30 P.M. Nine animals placed in darkness. 

10.45 P.M. All are complete or partial noc- 
turnes. In the latter the chro- 
matophores are punctate or 
slightly stellate in the anterior 
half up to the “ hump ” or point 
of flexure of the tail; those of 
the telson are dispersed. 


B. Animals with both retinas removed 


Aug. 27. 11.30 P.M. Seven prawns placed in darkness. 

Aug. 30. 5.00 P.M. All are nocturnes, the red chromato- 
phores being punctate. 

Sept. 1. 12.30 A.M. In five prawns the chromatophores 
are punctate, in two they are 
stellate. 

10.00 P.M. All 6 survivors are nocturnes. 


10 Gamble and Keeble (1900) have called this chromatic condition “nocturne ” 
because they found it appearing in normal animals each evening as darkness fell. 





524 L. H. KLEINHOLZ 


In all reports dealing with metachrosis in the macruran crustaceans, 
removal of both eye-stalks has resulted in a permanent darkening of 
the animals due to the dispersion of the chromatophoral pigments ; this 
results because of loss of the sinus glands, the source of the chromato- 
phore-concentrating principle. It therefore follows that, if the noc- 
turnal color state is effected by release of the eye-stalk hormone, re- 
moval of both eye-stalks should prevent the appearance of this chro- 
matic condition in animals thus operated. The following summary 
shows such an assumption to be incorrect: 


C. Animals with both eye-stalks removed 
Aug. 30. 10.00 A.M. One eve-stalk removed from each 
of 10 Hippolyte ; animals placed 
in darkness. 

11.15 P.M. All 10 are nocturnes; the red chro- 
matophores are punctate. 

11.00 A.M. The second eye-stalk removed from 
each; 7 survivors were returned 
to the dark box. 

12.15 A.M. 3 are nocturnes; chromatophores 
are punctate. 

2 are light brown; chromatophores 
are intermediate. 

2 are brown; chromatophores dis- 
persed. 

10.00 P.M. In 3 the chromatophores are punc- 
tate; in 3 they are intermediate ; 
and in 1 they are dispersed. 

10.25 P.M. 4 are partial nocturnes as in “B” 
above; in 1 the chromatophores 
are intermediate; and in 2 they 
are irregular between the inter- 
mediate and dispersed state. 


Brown (1935a) found that injection of extracts of the central nerv- 
ous system (exclusive of the eye-stalks) concentrated the chromato- 
phoral pigments and has cited the persistence of the chromatic rhythm in 
Hippolyte varians from which both eye-stalks have been removed as 
additional proof of the existence elsewhere than in the eye-stalks of 
glandular tissue capable of secreting the chromatophore-concentrating 
principle. At present this view is not conclusively supported by ex- 
perimental evidence. For, in spite of Brown’s results and the report 
by Hanstrom (1937) that a persistent nauplius eye is present in Palae- 
monetes (thus presenting the possibility of a functional photoreceptor 
with reflex connections to a source of the chromatophore-concentrating 
principle), there is no positive physiological proof that such a system 
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is able to function. In fact, the available evidence contradicts this possi- 
bility ; Palaemonetes from»which both eye-stalks have been removed lose 
their ability to adapt to changes from black to white backgrounds and 
remain permanently dark because of the dispersion of their chromato- 
phoral pigments. 

It is not necessary to consider the results presented in the above 
summaries on Hippolyte as due to a functional reflex between photo- 
receptors and glands; the nocturnal coloration of Hippolyte can be more 
simply explained as due to a direct effect of darkness on the pigment 
cells. Thus, these prawns would be dark in color when illuminated and 
would be nocturnes when placed in darkness. Were it not for the per- 
sistent cyclic activity of the chromatophores described by Gamble and 
Keeble, the accounts of chromatophoral behavior presented above would 
confirm this point. Normal Hyppolyte and individuals whose retinas 
and eye-stalks had been removed were therefore placed in darkness 
and examined several times during the day to eliminate the effects due 
to the reported periodic phenomenon. The chromatic condition of the 
operated and normal animals was always the same in individuals which 
had been kept in darkness; the prawns were either total or partial noc- 
turnes with the chromatophoral pigments concentrated. When such 
pale animals were removed from the dark-box and placed in diffuse 
sunlight or under the rays of a 60-watt electric lamp they became com- 
pletely dark within 10 minutes ; microscopic examination revealed maxi- 
mum dispersion of the chromatophores. These results indicate that 
the integumentary chromatophores of Hippolyte can respond directly to 
changes in light-intensity. Gamble and Keeble’s observations of per- 
sistent cyclic activity of these effectors are not confirmed. Their report 
that these prawns remained dark during the day when kept in darkness 
and paled only as night fell seems probably due to the fact that light 
conditions in their experiments were not constant." 


THRESHOLD CONCENTRATIONS OF Eve-STALK HORMONE FOR RETINAL 
AND INTEGUMENTARY PIGMENTS IN LEANDER ADSPERSUS 


The method of analysis used with Hippolyte having proved incon- 
clusive, it was decided to measure actual threshold concentrations of the 
eye-stalk extract for the retinal and integumentary pigments. The 
standardization of the procedure has been described under “ Methods.” 
The data for the responses of the distal retinal pigment to various con- 

11 To obtain the condition of constant darkness they covered the vessels in 


which their animals were confined with a double thickness of black cloth; these 
containers may not have been completely light-proof. 
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centrations of eye-stalk extracts are arranged in Table III and are 
plotted in the curves shown in Fig. 14. It gan be seen that injection 
of 0.04 cc. of an extract containing 0.1 eye-stalk in 1.0 cc. of Ringer’s 
solution is one which gives a slightly perceptible response of the distal 
retinal pigment. More dilute extracts and control injections of Ringer’s 
solution effected no discernible migration of this pigment over a period 


Taste III 


The responses of the distal retinal pigment in animals injected with various 
concentrations of eye-stalk extract. The concentration is expressed in the fraction 
or number of eye-stalks in 1.0 cc. of cold-blooded Ringer’s solution; the distance 
migrated in micra is the average for the total number of eyes studied. 


No. measured 


after inj. 

0 
15 
30 
35 
45 
50 
60 
65 
75 
80 
90 
95 
105 
120 
125 
135 
140 
155 
165 
195 


of 30 minutes. This concentration of stalk extract can therefore be 
labelled the minimal effective dosage for the distal retinal pigment. 
This is equivalent to 0.016 mg. (wet weight) of eye-stalk.’? 


12 Abramowitz and Abramowitz (1938, p. 281), after making several assump- 
tions, find the effective dosage for the melanophores of Uca to be 0.000016 gamma 
of hormone. By making the same assumptions the minimal threshold for the distal 
retinal pigment of Leander is 0.0008 gamma and that for the red chromatophores 
is 0.00004 gamma. It is probably preferable, however, in describing effective 
dosages, to express these in terms of dry weight of eye-stalk. 
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The curves show that with increasing concentration of stalk extract 
the amount of migration of the distal retinal pigment increases until a 
maximum is reached (between 4 and 10 eye-stalks per 1.0 cc.). This 
is the maximum threshold concentration; although more concentrated 
extracts do not affect the amount of migration of the distal retinal 
pigment, there is some indication that “recovery” or return of distal 
pigment cells to the position characteristic for the dark-adapted eye is 
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Fic. 14. The rate of migration of the distal retinal pigment cells in dark- 
adapted Leander adspersus in which have been injected various concentrations of 
eye-stalk extract. The distance migrated was measured from the cornea to the 
distal margin of the pigment cells. 


further delayed; this situation is probably dependent on the rate of 
elimination or destruction of the injected hormone. 

The relation between amount of migration of the distal retinal 
pigment and the concentration of the injected eye-stalk extract is shown 
better in Fig. 15, where the distance migrated in micra (obtained from 
the curves in Fig. 14) is plotted as a function of the logarithm of the 
concentration, 30 minutes after injection. At this (and at a 45-minute) 
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interval the relation is a direct proportion until the maximum migration 
is attained at the maximum threshold concentration, the effect of supra- 
maximal concentrations being reflected in the levelling-off of the curves. 
This is in agreement with the known observations (Welsh, 1930b; 
Kleinholz, 1936) that migration of the distal retinal pigment to the 
light-adapted position requires between 30 and 45 minutes. A direct 
proportion is also shown when similar curves are drawn for intervals 
15 and 75 minutes after injection. 
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Fig. 15. The relation between migration of the retinal pigment and the con- 
centration of the injected stalk-extract. The values for the position of the pig- 
ment were calculated from Fig. 14. 


In determining the minimal threshold of the integumentary chroma- 
tophores, groups of 5 standard prawns which had been blinded a week 
previously by amputation of both eye-stalks were each injected with 
0.04 cc. of the prepared stalk-extracts. With concentrations of 1.0, 
0.5, and 0.2 eye-stalks per 1.0 cc. there was maximum concentration 
of the chromatophoral pigment within 5 minutes after injection, ac- 
companied by the appearance of the characteristic diffuse blue colora- 
tion ; the erythrophores of animals treated with these extracts remained 
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punctate for 1 hour or more before the stellation indicative of approach- 
ing pigment dispersion was discernible. When concentrations of 0.05, 
0.02, and 0.01 eye-stalks per 1.0 cc. were used, the chromatophores 
became punctate within 5 minutes but darkening began between 30 and 
40 minutes after injection in each of the 5 test prawns in a series. In 
the final series 5 Leander (both eye-stalks amputated) were injected 
standard doses of extract containing 0.005 stalks per 1.0 cc. of Ringer’s 
solution; ten minutes after injection the chromatophores in 2 of the 
prawns were completely punctate, in 1 animal they were variable be- 
tween punctate and stellate, and in the remaining two the chromato- 
phores ranged from partial stellation to complete dispersion. Thirty 
minutes after the injection darkening of the animals was evident; at 
the end of 1 hour four of the five animals were dark while the fifth 
was still intermediate in color. Control injections of cold-blooded 
Ringer’s solution had no effect on the chromatophoral pigments. In- 
jection of extracts of this concentration into normal prawns maintained 
in darkness had no discernible influence on the position of the distal 
retinal pigments. This concentration (0.005 eye-stalks per 1.0 cc.) is 
equivalent to 0.0008 mg. wet weight of eye-stalk and represents the mini- 
mal threshold for the integumentary chromatophores. The lower 
threshold of the chromatophores is thus about one-twentieth that of the 
distal retinal pigment.’* These values do not support the unitary hor- 
mone hypothesis which requires that the threshold for the retinal pig- 
ment be lower than that for the body chromatophores. 

Additional physiological evidence shows that the retinal and integu- 
mentary effectors react differently to darkness. In most macruran crus- 
taceans thus far studied, the retinal pigments of animals maintained in 
darkness are found in the position characteristic for that state (except 
in those cases where a persistent cyclic activity affects one or more of 
these pigments) ; this is also true of Leander adspersus. In total dark- 
ness, however, the red chromatophores of this prawn are completely 
punctate and the animal is pale in appearance; similar chromatophoral 
behavior was noticed with L. serratus. This response is not a direct 
effect resulting from the exclusion of light, for individuals from which 
both eye-stalks had been removed and which had darkened in conse- 
quence remained unchanged in color when kept in total darkness. The 
concentrated state of the red chromatophoral pigments in darkness is 
therefore dependent upon release of the chromatophore-contracting 
principle from the eye-stalks. The importance of this situation is fully 
recognized by Abramowitz (1937a, p. 363): “The key to the whole 
situation lies in the behavior of the red and yellow chromatophores in 
animals maintained in darkness. If Brown is correct in noting that 
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the more usual condition of the red and yellow pigments of animals 
maintained in darkness was slight dispersion, and that a long sojourn in 
darkness resulted in the same condition of these pigments as that occur- 
ring when animals were adapted to a red background, there is little rea- 
son for postulating separate autocoids for the body and retinal pig- 
ments. . . . If the earlier observations of Perkins that the red and yel- 
low pigments are contracted in darkness is correct, the existence of 
separate hormones would be clearly indicated." 

When the responses of the retinal pigments during their persistent 
cyclic activity are analyzed (Kleinholz, 19376, Table I), no conclusions 
on the number of hormones concerned in regulating the activity of these 
effectors can be made. The responses are such that either more than 
one hormone is involved, or that there is one hormone to which the 
retinal pigments react independently because of variations in threshold 
levels. If the latter case is true, then there is no constancy in the rela- 
tive reactivity of these pigments in different species. 

From similar evidence, Brown (1935a, 1935b) has presented the 
argument in favor of the multiple hormone hypothesis. The same criti- 
cism, namely that the independent responses of the various integu- 
mentary chromatophores may be due to different threshold levels to 
one or two hormones, can be applied to Brown’s observations. Brown’s 
explanation has been criticized by Abramowitz (1937b), who was led 
by the results from a study of the comparative physiology of crustacean 
metachrosis to advocate the unitary hormone hypothesis. 

The data presented in the above sections conclusively show the inade- 
quacy of the unitary hormone hypothesis in explaining the behavior of 
the retinal and integumentary pigmentary effectors. It is clear from 
the experimental observations that at least two hormones are necessary 
to reconcile the known facts. The problem as to the actual number of 
hormones involved in regulating the crustacean pigmentary effectors is 
far from settled. It can be solved only when these substances have 
been prepared in pure form and their action on the various components 
of the pigmentary system tested. 


SUMMARY 


1. Experiments were performed to determine whether one or more 
than one hormone is involved in the control of the crustacean pig- 
mentary system. 

28 Brown (1935a) and Perkins (1928) studied Palaemonetes vulgaris. Han- 


str6m (1937), using the same species, confirmed Perkins’ observations of the condi- 
tions of the chromatophores in animals kept in darkness. 
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2. Transfusions of blood from black- and from white-adapted indi- 
viduals into white-adapted Crangon result in the darkening of an equally 
low percentage of the test animals. Injection of rostral region extract 
produced darkening in slightly over 50 per cent of the injected animals. 

3. Superficial cautery of the rostral region has no permanent effect 
on color mutability. Deep cautery in 69 animals resulted in 9 indi- 
viduals which became permanently pale. In each of these 9 Crangon, 
however, swimming and equilibratory movements were abnormal. It 
is suggested that the deep cautery injured the supraesophageal ganglion, 
resulting in interference with the regulation of Hanstrém’s sinus gland. 

4. The validity of the unitary hormone hypothesis was subjected 
to a biological test by a study of the retinal and integumentary pigments 
in Hippolyte which has been reported to undergo a diurnal rhythm in 
the activity of the integumentary effectors. 

5. No evidence of persistent activity could be found in the retinal 
pigments of H. varians; the eyes of H. pleuracantha showed a per- 
sistent cyclic rhythm of the distal retinal pigment, but this was not in 
the phase expected in H. varians. 

6. Further study showed that the reported periodicity of color 
change in H. varians was due to a direct effect of darkness on the body 
chromatophores. 

7. The threshold limits of the retinal and integumentary pigment 
cells to eye-stalk hormones were determined in Leander adspersus. The 
lower threshold limit for the distal retinal pigment was found to be 
equivalent to 0.016 mg. (wet weight) of eye-stalk; that for the integu- 
mentary pigment was 0.0008 mg. These values do not support the uni- 
tary hormone hypothesis which requires that the minimal threshold for 
the retinal pigments be lower than that for the body chromatophores. 

8. The responses of the distal retinal pigment to various concentra- 
tions of stalk extract are plotted in curves which show a direct relation 
between the response and the injected dosage. 
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REGENERATION AND REORGANIZATION IN UROLEPTUS 
MOBILIS FOLLOWING INJURY BY INDUCED 
ELECTRIC CURRENTS 


I. A. TITTLER? 


(From Brooklyn College and the Marine Biological Laboratory, Woods Hole, 
Mass.) 


INTRODUCTION 


The interesting investigations of Calkins (1911), Young (1922), 
and more recently, Dembowska (1925), Taylor (1928), and Reynolds 
(1932) have demonstrated quite conclusively that regeneration in the 
Infusoria is accompanied by profound protoplasmic changes. These 
changes are evidenced by a dedifferentiation and redifferentiation of the 
regenerating protoplasm comparable to that occurring during binary 
fission. Thus, it has been shown that the locomotor organelles in the 
regenerating pieces are entirely absorbed and a complete new set redif- 
ferentiated in the reformed organism. 

Most investigations along these lines have taken the form of merot- 
omy experiments involving transections, incisions, and excisions of vari- 
ous sorts. This gives rise to the interesting question of whether or 
not more drastic types of injury or mutilation would result in regenera- 
tion of the injured organism. And, if regeneration does occur, is its 
method of reorganization similar to that observed in other types of 
mutilations in the ciliates? Relatively few experiments, however, have 
been performed to test the effects of more drastic mutilations on re- 
generation in these animals. It is well known that electric currents, 
under certain intensities, can produce severe injuries to cells and proto- 
plasm in general. The following investigation was designed to deter- 
mine whether ciliates, injured and mutilated by rapidly induced electric 
currents, would undergo regeneration and reorganization comparable 
to that following other reported types of mutilations. 

Although careful observations were made on abnormalities in the 
movements of the organisms (including effects on the motile organelles), 
vacuolization, and disintegration, attention was particularly centered on 
the nuclei and on the subsequent behavior of these important cellular 
constituents. 


1 Contribution No. 28 from the Department of Biology, Brooklyn College. 
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MATERIALS AND METHODS 


Uroleptus mobilis was found to be well adapted for studies of this 
nature, and was used throughout this experiment. An abundant cul- 
ture was obtained through the kindness of Dr. H. R. Halsey of Co- 
lumbia University. Sub-cultures were made and maintained in a me- 
dium of hay infusion to which was added some “ Pablum” and pow- 
dered rice. In the procedure described below, only vigorous and flour- 
ishing cultures were used, and from these were selected individuals that 
were not in the process of division. The technique employed through- 
out was similar to that described in an earlier report (Tittler, 1937). 
The source of electricity was supplied by two dry-cell batteries in series, 
attached to an inductorium (Harvard Apparatus Company), which 
was set for rapidly induced (tetanizing) shocks. A simple key was 
introduced into the circuit for making and breaking contact. Platinum 
electrodes from the secondary coil of the inductorium were led into 
opposite sides of a small “tetanizing” chamber. This latter piece of 
apparatus consisted simply of an ordinary 1% by 3-inch glass slide, 
around the sides of which were built walls of paraffin, arranged in such 
a fashion as to form a glass-bottomed trough measuring 2 by 4 cm. 
with a depth of 1.4cm. The platinum electrodes were fixed at a con- 
stant distance of 2.5 cm. 

The organisms to be exposed were introduced into the rectangular 
“tetanizing ” chamber, which was then placed on the stage of a bi- 
nocular microscope. This arrangement permitted free observation of 
the organisms during and following periods of stimulation. The in- 
tensity of the current was controlled by sliding the secondary coil of 
the inductorium forward or backward as desired. Individual organisms 
were removed and isolated during or following exposure for future 
observation. At regular intervals after exposure, Uroleptus individuals 
were fixed on coverslips, stained, and mounted. For permanent prepa- 
rations, Gilson-Carnoy’s and Schaudinn’s fluid with acetic acid were em- 
ployed, followed by Heidenhain’s haematoxylin, Mayer’s haemalum, and 
the Feulgen nucleal reaction. 

Under the conditions of this experiment, a sixty-second exposure 
to the current was found to be sufficient to produce various degrees of 
injury in Uroleptus. Currents of greater duration proved lethal, and 
were not used. 

OBSERVATIONS 


General 


The structure and life history of Uroleptus mobilis has been thor- 
oughly presented by Calkins (1919). Consequently, a lengthy discus- 
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sion of its general morphology at different phases of its life cycle is not 
warranted. (For a complete critical review, the reader is referred to 
Calkins, 1933). As Calkins points out, the vegetative macronuclei, usu- 
ally eight in number, are arranged in a linear fashion within the cell. 
Occasionally, individuals with nine to twelve macronuclei have been 
found. The micronuclei are minute and homogeneous and vary in 
number from two to six. In preparation for division, a typical nuclear 
cleft appears in each macronucleus, and in each cleft is found a single 
large granule. This latter structure together with some chromatin is 
thrown off and the remaining chromatin contents are distributed in the 
cytoplasm. Subsequently, these “ freed” nuclei fuse and condense into 
a relatively small ellipsoidal and single nucleus. The latter divides two 
or three times before the cell divides, followed by a fourth division 
after the daughter cells have separated. The division of the micro- 
nucleus is not as complicated. Each divides mitotically and is repre- 
sented by daughter halves in each of the daughter cells. 

Apparently, as in other hypotrichs during binary fission, the motor 
organelles are resorbed and a new set reformed in each of the resulting 
individuals. 

Under the influence of the induction current the normal movements 
of Uroleptus are considerably affected. The organisms are drawn to- 
wards the cathode of the break shocks, at the same time exhibiting a 
peculiar twisting, lashing movement of the tail region. In some in- 
stances a few individuals were seen to swim towards the anode, a phe- 
nomenon also observed by Austin (1927). As organisms neared the 
cathode, marked vacuolization of the cytoplasm occurred, followed by 
disruption and eventual disintegration of the cell bodies. It was inter- 
esting to note that in about 75 per cent of observed cases, as the induced 
shocks were passed through the culture, the animals were found to be 
affected and disrupted especially at that end which faced the anode, 
that is, at the posterior region. This gave rise to many deformed and 
stumpy animals with the peristomes still intact. During this period 
pieces of diverse sizes, manifesting various degrees of injury, were 
obtained. Some of these were isolated for observation. Others were 
fixed and stained for permanent records. 

Figure 1, A, B, C, D, shows a few of these individuals fixed imme- 
diately after exposure. Different conditions are depicted, ranging from 
a small stunted fragment, lacking peristome and many macronuclei and 
micronuclei, to an organism only slightly affected. 

Fragments of Uroleptus, mutilated by the current, reacted in the 
following manner. Immediately after removal, anterior pieces with 
frontal cirri and membranelles still intact, tended to spin in circles for 
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a time, but soon this spinning ceased and the pieces swam in their normal 
lively manner. Posterior pieces lacking a peristome, remained com- 
paratively motionless for a few seconds and then swam in the customary 
fashion. These findings confirmed those of Jennings and Jamieson 
(1902) and others, who demonstrated that pieces of ciliates move in 
the same essential manner as the entire animal. During this time the 
wounded edges closed over and began to round out. In less than an 


Fic. 1. Camera lucida drawings of material fixed immediately after exposure 
to the electric current. Cilia omitted. 

A. Fragment from posterior region of organism, with one intact macronucleus 
and two micronuclei. One of the latter is faint and elongate. Peristome lacking. 
Such fragments do not regenerate. X 1157. 

B. Fragment with two macronuclei and one micronucleus, the latter faint and 
ghost-like. X 1144. 

C. Fragment from anterior region of organism. Peristome intact. X 1120. 

D. Intact individual. The macronuclei at the anterior region have been dis- 
rupted and flattened by the electric current. Remaining macronuclei are unaf- 
fected. X 1168. 
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hour the movements of the pieces slowed down and each was seen to be 
completely dedifferentiated. Shortly after this it became apparent that 
a redifferentiation and reorganization was going on within them. It 
was difficult to observe all the changes which took place in anterior 
pieces during this protoplasmic reorganization, but as far as could be 
determined, the cirri and membranelles were withdrawn and a new set 
developed in the reformed individuals. In posterior pieces, a new 
peristome appeared, and lost organelles were completely restored. 
Within three to eight hours each fragment had regenerated its missing 
structures. At the end of thirty-four hours most of the regenerated 
individuals were in the process of division. Variations in the time 
intervals for complete regeneration following injury were probably due 
to the degree of injury and to whether the regenerating pieces were 
from anterior or posterior regions of the animal. Thus, it was found 
that smaller pieces regenerated more slowly than larger ones and often 
required two days for growth and internal reorganization before divid- 
ing. Similarly, regeneration of anterior pieces began earlier than 
posterior ones. 


Nuclei 


In material fixed before visible disintegration had occurred, it was 
evident that the macronuclei in the affected region of the cell were 
beginning to break up and the nuclear membrane disrupted. The 
chromatin granules tended to disperse somewhat, resulting in flat- 
tened, amorphous nuclei (Fig. 1, D). The remaining nuclei were still 
intact. The micronuclei were elongated and some appeared pale and 
ghost-like as though they were being absorbed. 

In animals stained three to eight hours after exposure the nuclei 
were found to be in various stages of reorganization. It was evident 
from a study of fixed stages that this involved the same sort of nuclear 
reorganization as that which regularly occurs during binary fission in 
Uroleptus. Nuclear clefts appeared and the macronuclei began to fuse 
with adjacent nuclei and condense into a relatively small division nucleus 
(Fig. 2, A, B). This constricted rapidly and divided into the eight 
macronuclei characteristic of normal individuals, without the division 
of the cell (Fig. 2, C, D, E). The micronuclei underwent mitotic divi- 
sion, and at times as many as eight of them were found in one cell. 
However, at the completion of reorganization some of these were 
absorbed, the number remaining never exceeding six. Occasional indi- 
viduals were seen to possess ten macronuclei, but the normal nuclear 
complex was usually restored after normal division. Apparently, re- 
gardless of the degree of injury, most fragments possessing two or 
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Fic. 2. Camera lucida drawings of individuals fixed three to five hours after 
exposure to the current. Nuclei in various stages of reorganization. Cilia omitted. 

A. Macronuclei beginning to coalesce. One micronucleus in mitosis. X 1052. 

B. Later stage showing final fusion of macronuclei into compact division 
nucleus. XX 1087. 

C. Division nucleus beginning to constrict into two. Note linear arrangement 
of chromatin. Two micronuclei in mitosis. X 945. 

D. Later stage showing further constriction of the nucleus. X 1001. 

E. Individual in late phase of nuclear reorganization, showing final constric- 
tion of the nucleus to form eight macronuclei. Division of the cell does not occur 
during these reorganization changes. X 1013. 
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more macronuclei and at least one micronucleus were able to reorganize 
and regenerate. In some instances, smaller pieces, although they con- 
tained sufficient nuclear material, were unable to regenerate completely, 
and perished. Their failure to do so was probably due to an insufficient 
amount of cytoplasm in which to undergo a reorganization. 

In all observed cases of functional regeneration, the stained portions 
indicated that some macronuclear and micronuclear material had been 
included in the living fragment. In addition, specimens of these re- 
generated individuals immediately after division exhibited a perfectly 
normal nuclear condition. 

Discussion 


The results here reported on the effects of induced currents on 
injury and regeneration in Uroleptus mobilis bear out the findings of 
other investigators that mutilations in the hypotrichous ciliates are 
followed by reorganization changes comparable to those occurring at 
the time of division. Thus, it has been demonstrated that even after 
severe degrees of injury and partial cytolysis inflicted by electric cur- 
rents, Uroleptus organisms were able to regenerate and undergo pro- 
found reorganization changes involving a dedifferentiation and redif- 
ferentiation of the external motor organelles, such as was reported by 
Calkins (1911) and Young (1922) in Uronychia, Dembowska (1925) 
in Stylonychia, Taylor (1928) in Uronychia uncinata, Reynolds (1932) 
in Oxytricha, and others. 

These results are perhaps more significant because they shed further 
light on the behavior of the nuclei during regeneration. Balbiani 
(1891), working with Stentor, was probably one of the earliest inves- 
tigators to point to the interesting fact that the macronucleus goes 
through precisely the same changes in regeneration as in fission. John- 
son (1893) subsequently confirmed this. More recently, Young (1926) 
found that when Stylonychia was transected, the macronucleus and 
micronucleus in each of the resulting pieces divided into two to restore 
the normal nuclear complex. However, although later workers were 
concerned with the respective rdles of the nuclei in regeneration, their 
interests seemed to lie largely with the problem of the relation of the 
nuclear content of pieces with regard to functional regeneration—a 
subject which will be briefly dealt with below. This seems rather 
surprising in view of the fact that it has become increasingly evident 
that the behavior of the nuclei in the Infusoria is indicative of deep- 
seated reorganization changes going on within.the cell. 

In Uroleptus it is apparent that during regeneration the nuclei, 
particularly the macronuclei, undergo changes which are entirely com- 
parable to those occurring during normal division in this organism (see 
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Calkins, 1919). This observation is significant because of its bearing 
on Taylor’s statement (1928) that “ There remains, too, the study of 
internal organelles, such as fibrils and nuclei, which may very possibly 
undergo changes during regeneration similar to those described above 
for external motor organs.” It would appear, therefore, that in 
Uroleptus, at any rate, the nuclei do undergo such changes during 
regeneration. 

Results obtained from the various merotomy experiments in the 
Protozoa are in complete agreement with the belief that some nuclear 
material is necessary for complete regeneration. (For a critical review 
of the evidence, Reynold’s paper (1932) may be consulted.) Gruber’s 
observation (1886) on Stentor is the only recorded exception. He 
found that an enucleated piece from a dividing individual, in which the 
new peristome had already appeared, was able to develop into a perfect 
organism, but he failed to give an account of its later history. 

Evidently, in most cases, complete functional regeneration seemed 
to be dependent upon the presence of both macronuclear and micro- 
nuclear material. This was found to be true for Euplotes (Taylor, 
1923, Reynolds, 1932), Spathidium and Blepharisma (Moore, 1924), 
and others. Calkins (1911) and Young (1922) were able to show that 
in Uronychia some pieces could regenerate with only macronuclear ma- 
terial at certain periods after the division of the organism, but Young 
pointed out that these became abnormal, so that for perfect regeneration 
the micronucleus was necessary. Reynolds (1932), working with an 
amicronucleate race of Oxytricha fallax, found that these organisms 
were able to regenerate their morphological parts and become normal in 
every respect. She concluded, however, that the macronucleus of this 
race was really an amphinucleus. 

Uroleptus yielded similar results because, without exception, in all 
cases where functional regeneration was completed, it was found that 
some macronuclear and micronuclear material was: present in the living 
fragment. Pieces devoid of such material were able to move in a nor- 
mal way and even undergo partial regeneration but eventually they died. 


SUMMARY 


1. Uroleptus mobilis organisms were subjected to injury and mu- 
tilation by rapidly induced electric currents to determine whether ciliates, 
drastically injured, would undergo regeneration and reorganization com- 
parable to that following other types of mutilation. 

2. Under the influence of the induction current most of the organ- 
isms moved abnormally, and were drawn towards the cathode of the 
break shocks. Disruption and disintegration of the cell bodies occurred, 
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usually, at the posterior region. This resulted in diverse pieces mani- 
festing various degrees of injury. 

3. Injured pieces retained their original polarity and moved in essen- 
tially the same manner as the entire animal. 

4. Within three to eight hours after injury, each fragment had re- 
generated its missing structures, and at the end of thirty-four hours 
most of the regenerated individuals were in the process of division. 

5. Regeneration was accompanied by profound protoplasmic re- 
organization changes comparable to those occurring at the time of di- 
vision. Cortical organelles were withdrawn, and new sets developed 
in the reformed individuals. The macronuclei fused into a relatively 
small division nucleus followed by the rapid constriction of the latter 
into the eight macronuclei characteristic of normal individuals. The 
micronuclei divided mitotically. 

6. The presence of both macronuclear and micronuclear material 
was necessary for complete functional regeneration in Uroleptus. 
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